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INTRODUCTION 
la the anthers of higher plants a series of morphogenetic steps 
ultimately forms pollen grains, the conveyors of male genetic material to 
the next generation. While encased in the sporophytic tissues of the 
anther wall, the diploid microspore mother cells (MMC) undergo meiosis 
yielding haploid microspores, each of which later undergoes a mitotic 
division and continued differentiation to emerge as an autonomous male 
gametophyte (pollen grain). Numerous light microscopy studies have 
explored anther anatomy; the process of meiosis has been especially 
scrutinized. Yet many questions remain unanswered about the fundamental 
relationships existing between the developing sporogenous tissue and the 
surrounding anther tissues. The tapetum, which is the cell layer 
contiguous with the sporogenous cells, has been especially enigmatic. 
Due to circumstantial anatomical evidence, it ha_, been classically 
interpreted as a nutritive tissue which aids the developing microspores 
and pollen grains. However, no unequivocal evidence for this assertion 
exists. 
Very few electron microscopy studies have traced the cellular events 
accompanying microspore formation and pollen differentiation. The few 
existing studies have dealt primarily with either nuclear phenomena or 
the structure and development or the elaborately fc>ciiipi.uteù pollêû wall. 
In spite of this emphasis, both topics still have unresolved questions. 
Questions related to the source of wall precursors, their mode of 
deposition, and the control mechanism for wall patterning remain 
especially obscure. 
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Few studies have attempted to follow the morphology and distribution 
of organelle populations through microsporogenesis in either the sporo-
genous cells or the tapeturn and correlations between the activities of 
the two tissues are fragmentary. Ultrastructural events in the 
degenerating tapetum have been basically ignored as have been the 
structure and function of the parietal layers and epidermis. Many 
questions concerning the differentiation processes acting during micro­
sporogenesis remain unanswered—or even imposed. 
From an agronomic standpoint, a more complete knowledge of the 
process of microsporogenesis would be desirable. Although the principle 
economic product from many agricultural crops is seeds, surprisingly 
little is known about the developmental processes preceding seed forma­
tion. Davis (1966) feels that "the aspect of embryology which has been 
most neglected covers events taking place in the anther and which are 
dismissed frequently, if they are mentioned at all, with the comment 
'the formation of pollen is normal'—whatever that may mean." Likewise 
she feels that the "development of the anther wall is seldom described 
in detail, owing to the general impression that the same sequence of 
events occurs in all angiosperms." 
An increased understanding of pollen formation in the Gramineae would 
seem especially beneficial since man depends heavily upon the grains of 
this family from both an economic and survival standpoint. With the 
increased importance of cytoplasmic male-sterile lines in plant breeding 
programs, the anatomical or cytochemical mechanisms inducing this type of 
pollen sterility become matters of concern, especially when related to 
recent findings that male-sterile lines may be less resistant to disease. 
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for example, the susceptibility of cytoplasmic male-sterile com to 
southern leaf blight. A more complete understanding of anther structure 
and function in male-fertile lines would seemingly be necessary for 
comparisons with male-sterile lines. 
Therefore, a developmental study of microsporogenesis in Sorghum 
bicolor has been undertaken using light microscopy (LM) and electron 
microscopy (EM) techniques. The purposes of the investigation are to: 
(1) describe the complete developmental sequence in the sporogenous 
tissue which leads to the formation of mature pollen and to correlate 
these stages with anatomical events in the tapetum, parietal cells and 
epidermis; (2) trace the morphology and distribution of organelles found 
in the sporogenous and tapetal cells in an attempt to more clearly 
elucidate the relationship of these tissues; and (3) describe the 
initiation and development of the patterned pollen wall and tapetal 
orbicular wall. 
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SURVEY OF THE LITERATURE 
General Aspects of Microsporogenesis 
In a technical sense, the term microsporogenesis encompasses only 
those events in the anther leading to the formation of haploid microspores. 
Herein, however, the term will be used in the sense of Homer and Lersten 
(1971) to also incorporate those later stages of microspore development 
including wall formation and microspore mitosis, as well as pollen 
differentiation until the time of anther dehiscence. Recent reviews of 
anther development (Davis, 1966; Vasil, 1967; Heslop-Harrison, 1968a) 
provide the following general scheme of microsporogenesis. Selected 
specific aspects of microsporogenesis will be treated in depth later. 
Initially the anther is composed of a homogeneous mass of meri-
stematic cells bounded by an epidermis. A row of hypodermal cells 
differentiates into the archesporium at the site of each future micro-
sporangium and the anther becomes lobed in cross section. Subsequently 
the wall layers form around each microsporangium, but the layers have a 
dual ontogeny. The wall layers lying adjacent to the connective tissue 
arise by specialization of pre-existing connective cells while the wall 
layers adjacent to the epidermis have a more complex origin. The 
archesporial cells divide periclinally to form an inner primary 
spczcgGiiGus layer and the pzlzzry parietal layer. secondary nariot-ai 
layers arise from the primary parietal layer by another periclinal 
division and it is these two layers which subsequently form the 
endothecium, an ephemeral middle layer, and the innermost tapeturn. 
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The primary sporogenovis cells may undergo further division to form a 
central column of cells in the microsporangium, or else differentiate 
directly into microspore mother cells (MMC). Each MMC rounds up prior 
to meiosis and is enveloped by a callose wall. Meiosis proceeds through 
the tetrad stage at the end of which each microspore is isolated by 
callose. Before callose dissolution, microspore wall development is 
initiated and the thick, species-specific, ornately sculptured wall 
continues to form after microspore release. Each microspore becomes 
vacuolate and expands greatly in volume. After further development of 
the microspore, the haploid nucleus divides mitotically, followed by 
cytokinesis, to form the generative and vegetative (tube) cells of the 
pollen grain. Following a period of maturation and, in some species, a 
further division of the generative cell to form two sperm, the pollen is 
released by anther dehiscence. 
The surrounding tapetum is intimately associated with the sporogenous 
tissue during its development. Although this layer usually has a dual 
origin from both connective cells and parietal layers, Bhandari (1971) 
reviews several instances where a sporogenous origin of the tapetum has 
been reported. The tapetal cells exhibit densely staining cytoplasm and 
one to many prominent nuclei are present. Maximum tapetal development 
occurs around the tetrad stage and then the tapetum subsequently 
degenerates following one of the two modes described by Goebel (1905). 
It may either remain as a discrete layer functioning as a secretory 
tapetum or it may become plasmodial, by the dissolution of the inner 
tangential wall, and invade the spaces between developing microspores. 
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In either case, the tapeturn completely degenerates by pollen maturity. 
Goebel regarded the tapetum as a nurse tissue for developing meiocytes 
and spores; he felt that it supplied sporocytes with "plastic material," 
especially what is required at a late" period for the construction of 
the outer spore membrane (pollen wall). 
The tapetum also has been felt to contribute to the DNA of the 
developing meiocytes. Cooper (1952) reported the direct transfer of 
chromatin-like globules from tapetal nuclei into the meiocytes of Lilium 
but this material was later shown to arise from the meiocytes themselves 
(Takats, 1959; Tarkowska, 1966). Linskens (1958) has suggested that a 
mobilization of tapetal DNA into soluble bases, nucleotides and 
nucleosides precedes its transfer into the sporogenous cells. Taylor 
(1959) demonstrated that labeled thymidine in the thecal fluid could be 
readily incorporated into meiocyte DNA. Moss and Heslop-Harrison (1967) 
note no net loss of Feulgen-detectable DNA from the tapetum during 
meiosis in com, so they exclude the tapetal nuclei as a reservoir of 
DNA for meiocyte use. Takats (1962) feels that the products of tapetal 
DNA catabolism are unavailable for microspore DNA synthesis preceding 
mitosis. 
Tapetal degeneration at the time when microspores begin to fill with 
food reserves has been interpreted as evidence that the tapetum is a 
"nurse tissue" (Goebel, 1905), functioning in a nutritive capacity for 
the developing pollen. Categorical statements such as the following 
have been commonly published, but remain unsubstantiated. "It is well 
known by botanists that the tapetum in vascular plants is digested by 
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the spore mother cells and the developing spores and hence serves as food 
for these cells" (Steil, 1950). More recently, however, after studying 
levels of tapetal and sporogenous DNA, RNA and protein through micro-
sporogenesis in corn, Moss and Heslop-Harrison (1967) assume a much more 
cautious position: "The attribution of a secretory role to the tapetal 
cells is not, however, supported by a great deal of direct evidence, and 
the suggestion that elaborated materials are transferred to the developing 
spores is in large part assumed rather than proven . . . For the three 
classes of cell constituents followed in the present study [DNA, RNA, 
protein], the interrelationship of tapetum and sporogenous tissue must 
still be regarded as obscure." 
Microsporogenesis in Grasses 
Anthers in the Gramineae are tetrasporangiate; the ontogeny of that 
portion of the microsporangium wall which developes adjacent to the anther 
epidermis is of the monocotyledonous type (Davis, 1966). In this type 
of wall development the outermost secondary parietal layer differentiates 
directly into the endothecium which develops fibrous thickenings in its 
walls near the time of anther dehiscence. A further periclinal division 
of the inner layer forms an ephemeral middle layer and the uniseriate 
tapetum which lies adjacent to the sporogenous tissue. Davis further 
reports that the tapetal cells are secretory and usually become 
binucleate in grasses. Cytokinesis following meiosis of the microspore 
mother cells is usually of the successive type, generally forming 
isobilateral tetrads. 
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Although grasses essentially conform to the general scheme of micro-
sporogenesis, several seemingly unique characteristics have been 
observed. Microspore mother cells of grasses have long been known to 
assume a distinctive arrangement within the pollen sac. They lie like 
sectors of a circle around the longitudinal axis of the anther when 
viewed in cross section (Schnarf, 1929), a character also shared by 
members of the Cyperaceae (Carniel, 1961). This trait has been demon­
strated specifically in Zea mays (Reeves, 1928; Kiesselbach, 1949; 
Carniel, 1961), Avena sativa (Romanov, 1970), Trlticum (Percival, 1921; 
Romanov, 1970), Pennisetum typholdeum (Narayanaswami, 1953), Setaria 
itallca (Narayanaswami, 1956), and Secale cereale (Romanov, 1970). 
Callose is deposited initially in the center of the locule (Reeves, 1928; 
Carniel, 1961; Romanov, 1970) and as the anther enlarges the sporocytes 
remain at the locule periphery adjacent to the tapetum (Reeves, 1928; 
Kiesselbach, 1949) creating a vacant central region. The sporocytes 
undergo meiosis adjacent to the tapetum and cytokinesis is of the 
successive type (Juliano and Aldama, 1937) with the partition walls 
which form after telophase II (T II) oriented perpendicular to the first 
partition wall in wheat (Percival, 1921) and forming isobilateral 
(rarely tetrahedral) tetrads in Setaria (Narayanaswami, 1956). Reeves 
observed (1928) that the first cell plate in corn forms in a plane 
perpendicular to the long axis of the locule whereas, at T II, partition 
plates are in a plane through the longitudinal axis. Both walls are 
perpendicular to the adjacent tapetal surface. He recognized that the 
cell plates separating meiotic products were composed of callose 
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rather than pectin material. This has been corroborated by Skvarla and 
Larson (1966). 
The four microspores from each tetrad are retained against the 
tapetum (Percival, 1921; Schnarf, 1929) and remain adjacent to each other 
through pollen maturity (Romanov, 1970). Romanov feels that the pollen 
wall surface gets fixed to the tapetal orbicules (exine-like bodies), 
thus retaining the microspores in a single layer against the tapetum. 
Other workers, including Percival (1921), Drahowzal (1936), Bonnett 
(1961), Rowley (1962a) and Romanov (1966), have reported this association 
of microspores with the tapetum in some species, although they offer no 
mechanism for the retention. The mature pollen grains are released into 
the locule prior to anthesis (Percival, 1921). 
In several species it has been noted that each microspore is 
oriented so that the single pore is touching the tapetum at maturity. 
This was first described by Drahowzal (1936) in Avenastrum decorum, 
Sesleria heufleriana and Secale cereale. She observed that the pores 
in Avenastrum invariably faced the tapetum; in the other two species, 
the pore faced toward either the tapetum or an adjacent pollen grain at 
maturity, but never toward the locule interior. Since the microspores 
were earlier dispersed throughout the anther cavity, she regards the 
pollen grains as having the capacity to move about unless the observable 
movement was,in fact,fixation artifact. She also speculated that this 
proximity may have nutritional or physiological significance. 
Rowley (1962a) also reports that 97 % of the pores in Poa annua 
faced the tapetum by the time of microspore mitosis although they were 
randomly oriented earlier. He feels that this establishes a migration 
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or rotation of microspores within the locule and also suggests a special 
role of the pore in pollen development. More recently, Romanov (1966) 
reported that the pore is on the outside end of the pollen grain (adjacent 
to the tapetum) in oats, com, fescue, common reed, rye and wheat, although 
the association is subject to displacement in the latter two species. He 
regards this orientation of the pore toward the tapetum, as well as the 
deployment of the microspores at the periphery of the locule, as new 
family characters of the Gramineae. Banerjee and Barghoorn (1970) 
mention that the microspores of Zea mays orient themselves within the 
locule so that the germination pore faces outward. This occurs as 
sporopollenin is being deposited on the exine and on the developing 
Ubisch bodies. 
Few accounts have dealt specifically with microsporogenesis in 
Sorghum.^ Hence, information is incomplete and fragmentary for this 
genus. The initial account of Artschwager and McGuire (1949; and 
reiterated by Doggett, 1970) describes the immature sorghum anther as 
a mass of homogeneous cells which soon becomes four-lobed in cross 
section. In each lobe, the primary archesporium forms a plate 15 to 
20 cells long and two cells broad. The primary sporogenous tissue divides 
to form pollen mother cells which then undergo a normal meiosis. Cyto­
kinesis reportedly occurs only after the second meiotic division when 
simultaneous furrowing from four sides produces four microspores in a 
tetrahedral arrangement or else all are in the same plane, depending on 
Some previous studies have been conducted on Sorghum vulgare. How­
ever, the correct name for this taxon is Sorghum bicolor (L.) Moench 
(Snowden, 1936). 
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whether the anaphase II (A II) spindles formed, respectively, perpendicular 
or parallel to each other. After release from the tetrad the microspores 
enlarge considerably, develop a smooth exine (with a single germ pore) 
and intine, and are usually trinucleate by the time the exine is fully 
formed. The sporogenous tissue develops interior to a tapeturn, the cells 
of which become binucleate at the beginning of meiosis and attain their 
maximum development at the first meiotic division. The tapeturn begins 
to degenerate during the tetrad stage and only remnants of the layer 
remain v^en the microspores separate. Although the endothecium at the 
two ends of the anther and all epidermal cells enlarge greatly as the 
pollen matures, the middle layer, between the tapetum and endothecium, 
disorganizes early and is resorbed. 
Several studies dealing primarily with the causes of cytoplasmic 
male sterility in sorghum add a few fragmentary details about tapetal 
behavior in male-fertile plants. The time of nuclear division in the 
tapetum was placed during early meiotic prophase in the microspore mother 
cells by Raj (1968). In contrast, Alam and Sandal (1967) reported that 
the nuclei of some tapetal cells divide prior to meiosis and that the 
tapetum starts degenerating during early meiosis. The average radial 
extent of the tapetum has been reported to be greatest around the dyad 
stage (Brooks, Brooks and Chien, 1966), but it steadily decreases there­
after until pollen maturity. Singh and Hadley (1961) observed that 
tapetal degeneration begins as meiosis nears completion and that the 
two nuclei per tapetal cell subsequently fuse, forming a single large 
nucleus within the densely staining cytoplasm. 
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Callose 
Early observations of microsporogenesis demonstrated a callose 
special wall which forms around the young microsporocytes and persists 
through meiosis until the microspores separate (Mangin, 1889; Beer, 1905, 
1911). This wall, composed of a 6-1,3-D-glucan, forms inside the 
primary sporocyte wall from precursors reportedly having their origin in 
cytoplasmic vacuoles (Eschrich, 1964), vesicles of ER and dictyosomal 
origin (Skvarla and Larson, 1966), dictyosomes (Heslop-Harrison, 1966b; 
Echlin and Godwin, 1968b), or ER (Angold, 1967). Angold further reports 
that initial callose deposition appears to be thickest on the outer 
periclinal meiocyte wall, adjacent to the tapetum. 
According to Heslop-Harrison (1964, 1966a), callose deposition 
before meiosis severs the plasmodesmata connecting adjacent meiocytes 
and also those between meiocytes and tapetum. Subsequently, during 
meiotic prophase, massive cytoplasmic channels are formed ^  novo 
between the meiocytes. Heslop-Harrison (1966a) interpreted these 
channels as important in allowing the rapid transport of materials 
between meiocytes and in determining meiotic synchrony within the 
locule. Echlin and Godwin (1968b) have reported the concurrent presence 
of plasmodesmata and cytoplasmic channels prior to meiosis I. However, 
the universal occurrence of cytoplasmic channels between prophase 
meiocytes has been questioned since the meiocytes of Citrus limon are 
completely surrounded by callose prior to leptotene (Horner and 
Lersten, 1971). 
It has been suggested that the function of callose is to isolate 
a cell from the influences of surrounding cells. This would seemingly 
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be important when the haploid spores are attempting to establish autonomy 
within their diploid environment. Heslop-Harrison (1964, 1966a, 1966b) 
views the callose wall as a molecular filter which allows the passage of 
smaller basal nutrient molecules into each meiocyte vAiile impeding the 
influx of larger molecules such as nucleosides or nucleotides. This has 
been corroborated by demonstrations that the intact callose wall is 
3 impermeable to H-thymidine (Heslop-Harrison and Mackenzie, 1967) and 
fluorescein diacetate (Knox and Heslop-Harrison, 1970), but these 
compounds were readily incorporated into the tetrads after callose 
dissolution or mechanical damage to the callose wall. Sauter and 
Marquardt (1970) demonstrated that the intact callose wall does not 
block the entrance of tetrazolium salts or substrates used in assaying 
the activity of cytochrome oxidase and succinic dehydrogenase in tetrads. 
At the end of the tetrad period, the microspores are released by 
rapid hydrolysis of the callose by a 1,3-glucanase (callage) probably 
of tapetal origin (Eschrich, 1961). It has been suggested that the 
soluble degradation products from callose dissolution are available for 
microspore metabolism and are also a possible substrate source for 
sporopollenin synthesis (Larson and Lewis, 1962; Eschrich, 1964; 
Waterkeyn, 1964; Skvarla and Larson, 1966; Echlin and Godwin, 1968a). 
Callose is not unique to the process of microsporogenesis (Currier, 
1957). It also has been found as a temporary component of the 
generative cell wall in the pollen of numerous angiosperms as well as 
in the male gametophyte of gymnosperms (Gorska-Brylass, 1970), as plugs 
inside pollen tubes (Waterkeyn, 1964), and as a special wall component 
during megaspore formation in several angiosperms (Rodkiewicz and 
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Gorska-BrylassJ 1968; Rodkiewicz, 1970) and gynaiosperms (DeSloover, 1961; 
Waterkeyn, 1961). In addition, it has been found associated with both 
mega- and microsporogenesis in Selaginella (Homer and Beltz, 1970) and 
in the formation of archegonia and spermatids in liverworts (Gorska-
Brylass, 1969) and ferns (Gorska-Brylass, 1968b). It is generally felt 
by these workers that the presence of callose around a cell during a 
critical period in its development provides a physiological isolation 
from surrounding influences and allows it to differentiate in a new 
direction. 
Pollen Wall 
Numerous EM studies have dealt with the wall morphology of mature 
pollen in many species and an extremely complex morass of descriptive 
terminology has developed. Manten (1970) most recently reviewed the 
evolution of this terminology and collated a list of suggested terms 
with their synonyms. The terminology used herein, relative to wall 
structure, is basically in accord with his suggestions toward unification 
and simplification of terms. His suggested nomenclature is presented 
below (Manten, 1970; p. 31). I have added three synonyms in parentheses. 
<
tectum n 
columellae (bacula) _j 
oedium fnexine 11 1 
sexine 
yexine^ ^^pediu  ( i ) "1
l( \ I . . 
\ Xsecondary exine (nexine 2) J 
^intine 
The outer wall layers, comprising the exine, are composed of sporo-
pollenin, while the inner layer, the intine, is fibrillar and reportedly 
cellulosic (Rowley, 1964). The outer sculptured portion of the exine, 
the sexine, is composed of the tectum and pillar-like columellae (bacula) 
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that support it. The tectum may form a complete roof (tegillum) over the 
bacula and the intervening spaces to enclose a hollow cavity (cavea), or 
the heads of the bacula may remain free. The inner exine layer, which 
subtends the bacular bases, is the pedium (often called nexine 1 or foot 
layer) and, in some species, a secondary exine (often called nexine 2 or 
endexine) forms inside it. Together these form the nexine. 
Although few EM studies have dealt with pollen wall morphogenesis, 
a generalized developmental scheme has been formulated (Heslop-Harrison, 
1968a). Wall development is initiated while the tetrads are still 
encased in callose. Each microspore develops a primexine which is 
continuous over the entire surface except in areas where apertures will 
form. The primexine consists of a microfibrillar matrix, which, on the 
basis of its staining reactions and solubility, appears to be cellulose 
(Heslop-Harrison, 1968d). It contains radially directed rods called 
probacula. Although the probacula initially lack acetolysis resistance, 
they progressively acquire the resistance characteristic of sporopollenin. 
Deposition of sporopollenin on the probacula completes the sexine, while 
deposition below the probacula forms the nexine. 
The disposition of probacula determines the principal structural 
features of the mature exine; their origin and deployment, therefore, have 
been studied extensively. According to Heslop-Harrison (1968a), they 
arise as lamellae from regions of the plasmalemma subtended by aggrega­
tions or ribosomes. The lamellae, which are possibly lipo-yruLciu lu 
nature, have been variously interpreted by Heslop-Harrison as several 
pleated plates, as concentric cylinders, or as a single spirally disposed 
or pleated ribbon. Dickinson (1970b) views them as myelin-like 
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arrangements of sheets having unit membrane dimensions. In both cases, 
the lamellate configuration is transient and the mature bacula lack 
lamellae. In contrast, Godwin, Echlin, and Chapman (1967) do not 
mention any lamellate structure but simply regard probacular formation as 
the injection of baculoid material into gaps within the negative template 
(primexine) of Ipomoea. 
Elements of the endoplasmic reticulum have been implicated in 
determining the distribution of probacula on the spore surface (Heslop-
Harrison, 1963a, 1963b; Skvarla and Larson, 1966). This association, 
however, has been challenged by other workers (Godwin, et al., 1967; 
Echlin and Godwin, 1968b; Dickinson, 1970b, Vazart, 1970). Probacula 
initially arise on the proximal surface of microspores (in the center of 
the tetrad) and subsequently develop toward the distal surface in 
Helleborus (Echlin and Godwin, 1968b) and Lilium (Dickinson, 1970). 
Wall development continues inside the callose wall as new materials 
are injected into the probacula, linking their heads above the primexine 
matrix, and later their bases, to form a tenuous foot layer (Heslop-
Harrison, 1968a). The exine becomes nearly mature in Tradescantia prior 
to callose dissolution (Mepham, 1970; Mepham and Lane, 1970). 
When callose breaks down, the released microspores increase 
dramatically in volume and surface area. This growth, however, is not 
accompanied by a decrease in exine thickness in Sparganium (Banerjee, 
Rowley ana Ailessxo, ) or Helle&orus (Echlin aiiâ Goùwlû, 19£3) , se 
they concluded that sporopollenin must be rapidly added during thia 
period of expansion. However, Rowley (1962a) and Larson and Lewis (1962) 
report a decrease in the exine thickness of Poa and Parkinsonia, 
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respectively, as the pollen volume increases. Microspore expansion also 
causes the fibrillar matrix material of the primexine to stretch and 
become a tenuous residue which is retained between the exine ridges 
(muri) in lily or in the cavea of those species which produce a continuous 
tegillum (Heslop-Harrison, 1968a). 
Beneath the primary exine a secondary exine (or nexine 2) develops 
in some species. Although composed of sporopollenin, as is the primary 
exine, its staining properties and timing and mode of deposition make it 
a distinct wall layer. Characteristically it is composed of sporo­
pollenin deposited on lamellae having central electron-transparent 
"white lines" around 5 nm in thickness (Godwin, et al., 1967). The 
stratified nature of this layer is obliterated at wall maturity. 
The cellulosic intine is the last wall layer to be formed. 
Precursor materials are supplied by dictyosomes in the peripheral cyto­
plasm. Coated vesicles, and a small number of microtubules parallel to 
the plasmalemma, occur during intine growth (Heslop-Harrison, 1968b). 
Grass pollen grains are more or less spheroidal, 22-100 ym in 
diameter, and have a finely granulate "stucco" wall with a single 
germination pore (Wodehouse, 1935). A simple external morphology and 
single pore are also found in the Flagellariaceae and Restionaceae 
(Erdtman, 1966; Chandra, 1966; Chandra and Rowley, 1967). 
The pollen diameter of Sorghum vulgare L. has been recorded as 
^  '  O  "  —  — — J  —  —  — 1 -  -  ^  ^  ^  D  / •  1  I T M  / l  ^  7  1  H T >  
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(depending on the year; Jones and Newell, 1948). 
The earliest EM study of grass pollen walls was by Rowley, 
Milhlethaler and Frey-Wyssling (1959). Exines of Phragmites, Poa, Zea 
18 
and Sorghum species were observed to be perforated by submicroscopie 
channels (25-45 nm diameter) and the tapetal cells were bordered on 
their locular surface by acetolysis-resistant spheroids. These spheroids 
resembled the exine in that they both possessed channels and were uni­
formly covered with small spines of similar size and shape. They also 
reported cytoplasmic strands passing through the intine and lacunae 
(cavea) of the ektexine (outer exine) as well as from the tapetum to the 
exine. A single micrograph of the wall of Sorghum vulgare Pers. shows 
dense channels passing through the tectum and nexine and purportedly 
through and alongside the columellae. Rowley (1960) tentatively 
separated grass pollen into "cereal type" or "wild type" on the basis 
of whether the upper and lower surfaces of the tectum are parallel or 
non-parallel respectively. He designated pollen of Coix and Zea as 
cereal type, pollen of Phleum and Poa as wild type, and pollen of Sorghum 
as intermediate between the two classes. 
Poa annua has been the object of several extensive studies by Rowley. 
He showed that sporopollenin in the early microspore wall is nonhomo-
geneous (Rowley, 1962a, 1962b). Sporopollenin bundles having 8-15 nm 
diameters make up the wall. These in turn are composed of several 
strands (5 nm diameter) and spaces of low density (5 nm diameter). The 
resulting nonhomogeneous exine appeared fenestrated or mesh-like, 
looking sometimes like aligned dots or granules or bar-like cross 
develop, and the exine becomes homogeneous. The channels terminate between 
the spinules on the outer surface. He views exine development as occurring 
in three stages. Initially, a single wall layer of about four bundles 
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splays apart, forming two concentric shells, each composed of two bundles 
generally separated by about 25 nm. Other bundles cross the space 
between the shells and also extend outward, forming spinules. Next, the 
number of bundles in each shell increases (especially in the outer shell) 
and the intervening space widens to around 100 nm. Lastly, the 
sporopollenin becomes fully polymerized and homogeneous. Subsequently, 
the intine forms and is crossed by many cytoplasmic strands. These 
strands were no longer observed at anther dehiscence. 
The study of pollen wall development in Zea mays by Skvarla and 
Larson (1966) is the most complete published study conducted on a grass. 
They conclude that exine ontogeny occurs in two major phases; template 
formation, followed by sporopollenin deposition. Two successive periods 
of plasmalemma retraction in the MMC are reported during template 
formation. The first retraction occurs prior to prophase I and is 
accompanied by numerous breaks in the membrane. A zone containing 
various sized tubules and vesicles forms and is the site of nonhomo-
geneous callose deposition. Deposition continues until the tetrad 
stage. The cell plates formed at T I and T II are predominantly pectic 
compounds but later callose completely isolates each microspore. 
Subsequently, the plasmalemma of each microspore becomes contorted and 
again withdraws from the callose, forming an electron-translucent 
layer which subsequently thickens. At numerous places along the 
n1 acmal e>mmfl . nrntrinl asm pvaolnaf-pq InTn the electron-translucent laver: 
each evagination generally contains a single ER tubule. The implication 
from their description is that each evagination later retracts to form a 
smooth, stable plasmalemma but that ER persists below the plasmalemma at 
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the site of the former evaginations. At each of these sites, often in 
association with a slight depression in the plasmalemma, the template for 
a columella (baculum) is established. The second phase, deposition of 
compounds within and upon the exine template, begins after most of the 
callose dissolves. However, callose is sometimes retained as a residuum 
bonding two microspores until later. The columellae progressively stain 
more densely and electron-dense substances are seen associated with 
depressions in the plasmalemma. The columellae rapidly increase in size 
and their tips become the spinules of the mature exine. The foot layer 
develops by the apposition of sporopollenin microfibrils to membranes 
located just outside the plasmalemma. The membranes appear to be 
cistemae with narrow intercistemal spaces. Discontinuities appear 
in the tectum and foot layer and develop into channels. These channels 
increase in number and size as the tectum and foot layer both rapidly 
increase in thickness. They are oriented parallel to the columellae 
but are not directly beneath or within them. A thin granular layer, the 
endexine (secondary exine), develops beneath the foot layer. The intine, 
composed of cellulose and pectic compounds, becomes quite thick and 
contains cytoplasmic processes at maturity. 
Scanning electron micrographs of mature Zea mays pollen have been 
published by Ridgway and Skvarla (1969). These demonstrate a rather 
even distribution of spinules over the entire external surface of the 
exine, including the well-developed annulus and operculum o£ the pore. 
DeVries and le (1970), although concerned mainly with cytoplasmic 
male sterility in Triticum aestivum show several transmission micrographs 
of the nearly mature pollen wall. It appears that the tectum, foot 
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layer, and cavea are all nearly equal in thickness. Channels are equally 
prevalent in the tectum and foot layer, and appear to form branches in 
each layer (DeVries and le, 1970; Fig. 1, 3, 9). Spinules are rather 
pronounced above the tectum and seem to be extensions of the columellae 
(DeVries and le, 1970; Fig. 9). Although a granular layer is present 
beneath the exine in their Fig. 7, it is impossible to conclude from 
their micrographs that a secondary exine is present. Numerous dark 
strands pass from the cytoplasm through the thick intine to the base of 
the exine. 
Pore Development 
A single circular germination pore is characteristic for grass 
pollen. This allows the pollen tube to emerge and also may serve as a 
permeable region for large scale solute transfer (Rowley, 1964). The 
pore is delimited by a collar-like annulus which surrounds a central 
plug-like operculum. Nair (1962) has measured the circular pore in 
Sorghum vulgare as approximately 3 nm in diameter and the weakly defined 
annulus in this species as approximately 3 ym wide, thus making the total 
annular diameter around 9 ym. 
It has been shown that the annulus in Poa annua is raised above 
the surrounding exine by the formation of a number of sporopollenin-
containing lamellae below the foot layer of the annulus (Rowley, 1964). 
Strand-like cross connections occur between the lamellae; these 
reportedly later assume the shape of columellae. Some of the lamellae 
are obliterated as the wall matures. A lens-shaped 
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2 
Zwischenkorper forms beneath the pore and blocks contact between cyto­
plasmic strands of the intine and the exine in the pore region. 
Sporopollenin lamellae in the annulus reportedly develop around 
organizing membranes in com (Skvarla and Larson, 1966). Several 
membrane layers arise above the plasmalemma but beneath the nonnal exine 
template present in the annular region. They interpret these membranes 
as narrow cistemae possibly arising from ER. As sporopollenin is 
deposited onto the exine template, it also attaches to the membrane and 
the lamellae thicken. Concomitantly, additional membranes form and 
progressively thicken beneath the original lamellae. Continued sporo­
pollenin deposition obscures the organizing membranes of some lamellae 
although they remain recognizable through wall maturity. Above the 
annular lamellae and on the operculum there develops a normal exine 
pattern consisting of a spinulate tectum, columellae and foot layer. 
The operculum rests on a pore membrane which is continuous with annular 
lamellae. A thick granulate endexine (secondary exine) forms beneath 
the pore membrane and is continuous with the secondary exine underlying 
non-apertual regions of the wall. A well-defined callose layer and intine 
also develop beneath the pore region. 
The early association of ER with the future site of aperture develop­
ment has been reported in several species. Skvarla and Larson (1966) 
observe that at the point where the pore of com develops, the plasma-
lemma and cisoociaLcû parallel ZH clsZamaG apprccccd to the 
2 
Beer (1905) credits Fritsche with the term Zwischenkorper and 
translates it as interstitial body. 
23 
callose while in neighboring regions the plasmaleinma retracts and the 
exine template forms. Heslop-Harrison (1963a, 1963b) has shown a very 
tight association between a plate of ER and the plasmalemma in Silene 
pendula resulting in a triple membrane configuration. He suggests that 
the apposition of the ER to the plasmalemma prevents the local 
deposition of cellulose in that region, hence no primexine is formed. 
Similarly, Larson and Lewis (1962) noted that where apertures form in 
Parklnsonla aculeata, the plasmalemma remained smooth and appressed to 
the callose wall, whereas, elsewhere it retracted from the callose and 
became convoluted. The presence of long profiles of ER underlying 
regions of the plasmalemma in Helleborus microspores is thought to 
delimit furrow regions in that tricolpate species (Echlin and Godwin, 
1968b). 
Wodehouse (1935) proposed that the number and arrangement of 
apertures is related to the geometry of contact between microspores in 
the tetrad. Heslop-Harrison (1971b) agrees with Wodehouse but feels the 
orientation of spindle microtubules is very important in determining 
the ultimate site of the aperture. He demonstrated that colchicine-
arrested mlcrosporocytes of Llllum behave as spores forming normal walls. 
However, with the disturbance of spindle formation, the cells fail to 
polarize and apertures are distributed randomly or do not form at all. 
The single pore of grass pollen grains is usually located on the distal 
race (Erdcman, 1566, 1965). 
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Orbicule (Ubisch Body) Formation 
The presence of exine-llke bodies on the locular surface of the 
anther tapetum has long been recognized (Rowley, 1963; Banerjee, 1967). 
These bodies are produced only by a secretory (glandular) tapetum, not 
by a plasmodial (amoeboid) tapetum (Davis, 1966), and are collectively 
referred to as "tapetal membranes" or a "cutinized boundary" and 
individually designated as granules, particles, plaques, Ubisch bodies, 
and more recently as orbicules (Banerjee, 1967; Rowley and Erdtman, 1967). 
These bodies may remain single or fuse to form aggregates. 
Spheroids (Ubisch bodies) in grasses reportedly have the same 
ornamentation as the exine (Rowley, et al., 1959). Rowley (1963) later 
followed the development of Ubisch bodies in Poa annua. Membrane-bound 
pro-Ubisch bodies, which had a density similar to lipid bodies, 
were seen between the tapetum and microspores. Dense droplets developed 
over the entire tapetal surface and were often contiguous with the spinule-
like portions of the developing exine. An exine-llke wall formed about 
the pro-Ubisch bodies, and channels developed that resembled those in 
the exine. The Ubisch bodies were connected to the tapetum and spinules 
of the microspore exine by strands of material which Rowley (1962a) 
visualized as cytoplasmic strands capable of transferring substrates from 
the tapetum to the microspores. Further thickening of the exine and of 
the sporopollenin on the Ubisch bodies was followed by a simultaneous 
transition frcm ncnhcricgcr-ccuc tc hcnogeneou? «nnrnnnllenin in both. 
From the time of its inception, the centrum (pro-Ubisch body) remained 
constant in size. However, material was lost from the centrum during 
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intine formation, and a line of circles or ellipses (in section) around 40 
nm in diameter was noted between the tapetum and Ubisch bodies. 
Skvarla and Larson (1966) observe that the Ubisch bodies in com 
develop concomitantly with exine, and that they resemble it, in that 
they possess channels. However, they lack organization similar to the 
tectum, columellae, foot layer and endexine. Skvarla and Larson claim 
no knowledge of their origin but yet interpret the Ubisch bodies as 
representing sporopollenin deposition or aggregations of membranes at 
the tapetal surface. Organelles from ruptured microspores were viewed 
as possible source for these membranes. 
In a study comparing the structure of the inner tapetal wall of 
numerous grasses, Banerjee (1967) acetolyzed the "tapetal membranes" and 
either spread them directly onto grids or made replicas. Although the 
size, shape, and spacing of the orbicules on the membrane differed 
slightly among species, a similar morphological pattern emerged. The 
membranes were observed to be composed of several layers. The layer 
adjoining the inner tangential tapetal plasmalemma was fenestrate and 
persisted through dehiscence of the anther; more openings developed in 
it as the anther aged. The outer layer was composed of the orbicules 
and an irregular complex network of beaded strands which surrounded them. 
The strands attached to the fenestrate layer at positions near or under 
the orbicules; they sometimes broke down at anther dehiscence freeing 
orbicules into the locule. He demonstrated spinules, similar to those 
present on the exine, on the inner half of the orbicules of Phleum 
pratense and "micro rod" structures were observed in replicas of the 
underside of the tapetal membrane of Dactylis. However, he cautions 
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against using the pattern in grasses as a general scheme. Bourreil and 
Reyre (1968), using SEM, observed that the inner wall of the anther is 
covered by a sculptured layer identical to that on the pollen grain exine 
in Aristida while Banerjee and Barghoom (1970) have observed that the 
orbicules in com possess spinules similar to those on the microspore 
wall. 
The Ubisch bodies in wheat are star-shaped, possessing lumen 
surrounded by a thick, channeled coat of sporopollenin (DeVries and le, 
1970). They always lie against or very near the tapetum and are 
associated with an electron-dense substance, probably more sporopollenin, 
on the tapetal plasmalemma. DeVries and le feel that the tapetal 
plasmalemma yields sporopollenin and consider Ubisch body development 
to be simply a form of uncontrolled deposition of that substance. 
The structure and development of Ubisch bodies have been investi­
gated in species other than grasses. Camisl (1967) demonstrated that 
the plate-like Ubisch bodies of Oxalls species develop intracellularly 
by the accumulatiion of lipid droplets into groups inside the plasmalemma. 
The lipid droplets apparently pass through the plasmalemma and sporo­
pollenin is deposited on them concurrently with exine development inside 
the callose wall. The Ubisch bodies, which lie between the plasmalemma 
and the loosening inner tapetal wall, are variable in size and complexity. 
At maturity, a dissolution of the lipid droplets results in an internal 
channeled configuration within the bodies. He concluded that the exine 
and Ubisch bodies are homologous but that the latter have nothing to do 
with exine development. 
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In Helleborus foetidus, Echlin and Godwin (1968a) feel that the 
Ubisch bodies develop from "grey bodies" or pro-Ubisch bodies noted in 
the tapetal cytoplasm. These membrane-bound bodies, which were often 
the center for radiating arrays of ER and ribosomes, were thought to 
fuse with the tapetal cell membrane. Once extruded, their surface was 
invested with an electron-dense material (presumably sporopollenin). In 
some cases, sporopollenin deposition appeared to occur on both sides of 
an electron-transparent layer having unit membrane dimensions. Later, more 
of these "white lines" were observed at the bases of Ubisch bodies and 
even below the tapetal plasmalemma. These were particularly obvious 
during secondary exine formation on the microspore wall. Extrusion of 
pro-Ubisch bodies continued over a period of time, resulting in 
asynchronous development of the bodies. Multiple Ubisch bodies sometimes 
formed due to the fusion of larger and smaller bodies with subsequent 
envelopment by sporopollenin. They view the Ubisch bodies basically as 
the consequence of tapetal senescence with no particular function. 
The origin of Ubisch bodies in Allium cepa has been studied by 
Risueno, Glmenez-Martin, Lopez-Saez and R.-Garcia (1969). Electron 
dense bodies, first observed in the tapetal ER, serve as nuclei upon 
which sporopollenin is deposited by a process involving laminae of unit 
membrane dimension. They feel that the spherical Ubisch bodies develop 
to maturity within wide channels in the tapetal cytoplasm and then pass 
infn Inoiilo where fhev rnnfrlhufA tn P.vlne develooment. 
The early work of Heslop-Harrison (1962, 1963a, 1963b) considering 
plaque (orbicule) development in Cannabis and Silene led him to conclude 
that mitochondrial particles gave rise to the orbicules. He finds this 
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interpretation no longer plausible after a study of Lilium (Heslop-
Harrison and Dickinson, 1969), in which pro-orbicular bodies were observed 
in the tapetal cytoplasm. These bodies, which lacked an investing mem­
brane and resembled spherosomes, were extruded through the plasmalemma 
into the space beneath the loosening primary wall. Sporopollenin 
accretion coats the pro-orbicular bodies after their extrusion and the 
so-called "core" of the orbicule often retains a stalk-like connection 
to the plasmalemma. Extrusion of the pro-orbicular bodies initially 
occurred during probacular formation on the spore wall and ended when 
sporopollenin was first observed in the probacula and nexine 1, but sporo­
pollenin accretion continued on the orbicules until sexine development 
was nearly complete. 
In the gymnosperm Podocarpus, Vasil and Aldrich (1970) were unable 
to identify any tapetal organelle as the forerunner of the sporopollenin 
bodies which formed on the inner and radial tapetal surface. However, 
they did observe that many tapetal mitochondria were wrapped by elements 
of rough ER at this stage and speculated that this association might In 
some way be related to the synthesis of sporopollenin precursors. 
During the tetrad stage in Citrus limon, lightly stained pro-orbicules 
were observed between the plasmalemma and disappearing primary wall of 
the tapetum (Homer and Lersten, 1971). These were not preceded in the 
tapetal cytoplasm by lightly or densely stained pro-orbicules but were 
tViOUght to arlsa by the fusicn cf unctzizcd vesicle? of and 
ER origin with the plasmalemma. After their extrusion, the pro-orbicules 
Increased in electron density and acquired a sporopollenin coat becoming 
orbicules. Lamellae were occasionally associated with the developing 
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pro-orbicules while they were still within invaginations of the plasma-
lemma. 
Sporopollenin 
Studies attempting to characterize the chemical composition of 
sporopollenin, the major component of pollen and spore walls, have been 
recently reviewed by Shaw (1970, 1971). Although its nature varies 
slightly among species, sporopollenin is characterized as an extremely 
tough polyunsaturated substance resistant to non-oxidative chemical attack 
but fairly susceptible to oxidation. Shaw and Yeadon (1964) resolved 
sporopollenin into a lignin-like component and a lipid fraction which 
gives as its most characteristic breakdown products simple mono- and 
dicarboxylic acids having 18 or fewer carbon atoms. However, the 
results of Brooks and Shaw (1968a, 1968b, 1968c), using Lilium henryii, 
suggest that sporopollenin does not contain a lignin component but rather 
it is composed of oxidative polymers of carotenoids and carotenoid esters. 
During anther development and sporopollenin formation they note a dramatic 
increase in carotenoids present in anther extracts. They report that 
most (95 %) of the lipid material being formed at early growth stages 
was a mixture of free carotenoids and carotenoid esters in a ratio of 
2.2:1.0. Furthermore, they were able to synthetically polymerize the 
carotenoid fraction from L. henryii anthers in the presence of oxygen 
and acquired an insoluble oxygen-containing unsaturated polymer having 
properties virtually identical to those of sporopollenin. 
In an attempt to correlate chemical details to anther anatomy, Shaw 
(1970) feels that orbicules consist of a solution of carotenoids and 
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carotenoid esters in a fat solvent which can undergo polymerization 
forming sporopollenin. Furthermore, he visualizes that the partially 
polymerized orbicules adhere to the microspore surface in alignment with 
an earlier preformed pattern; they later polymerize to form the 
sporopollenin coat and unused orbicules harden into discrete solid balls 
of sporopollenin. At the end of this process, the concentration of 
extractable carotenoids increases since they are no longer being used up. 
The manner in which sporopollenin is deposited has been closely 
scrutinized pince it presumably bears a direct relationship to the ulti­
mate wall pattern formed. Polymerized forms of sporopollenin are 
ordinarily observed only outside of the plasmalemma, not inside the 
protoplast of tapetal or sporogenous cells. There are numerous reports 
associating lamellae with the process of sporopollenin deposition. This 
mode of deposition is quite characteristic for all exine layers in 
bryophytes (Horner, Lersten, and Bowen, 1966; Rowley and Southworth, 1967; 
Heckman, 1970) and gymnosperms (Gullvâg, 1966; Vasil and Aldrich, 1970) 
but in angiosperms these structures are most frequently related to 
formation of the secondary exine (nexine 2, endexine) on the microspore 
(Skvarla and Larson, 1966; Godwin, et al., 1967; Rowley, 1967; Rowley 
and Southworth, 1967; Angold, 1967, 1968; Heslop-Harrison, 1968b; Echlin 
and Godwin, 1969; Mepham and Lane, 1970; Homer and Lersten, 1971; and 
numerous others). The lamellae have also been implicated in the formation 
of all exine wall layers (Dickinson and Haslop-Harrison, lyoS) and with 
sporopollenin deposition on pro-orbicular bodies (Rowley and Erdtman 
1967; Echlin and Godwin, 1968a; RlsueSo, et al., 1969). 
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The origin of the white lines in exine formation is unknown but 
Rowley and Dunbar (1967) have discussed possible alternative derivations 
of the lamellae from the plasmalemma, from membranes which had earlier 
surrounded tapetal or microspore vesicles, or from de novo synthesis. 
Mepham (1970) claims they are protrusions from the microspore plasma-
lemma. In Helleborus, Echlin and Godwin (1968a) feel that the white 
lines in the pro-TJbisch bodies come initially from the ER, although they 
also show a very close relationship to the tapetal plasmalemma at later 
stages. Lamellations are seemingly obscured by continued sporopollenin 
deposition and generally do not persist until the mature wall is formed. 
Godwin,et al. (1967) feel that a significant difference exists 
between the exine layer whirh forms in association with lamellae and 
those layers lacking such an association. They designate the tectum, 
bacula, and foot layer as "primary exine" since they develop first and 
originate from the primexine, unassociated with lamellae. The inner 
layer, which forms later in association with lamellae, they distinguish 
as "secondary exine." An interesting observation relative to the modes 
of wall deposition has been made by Linskens and Suren (1969) on 
Asclepias curassavica. This species forms a pollinium wherein a common 
exinous wall encloses many pollen grains. The wall develops along the 
inner tapetal surface from lipoid granules of sporogenous origin and no 
lamellae are associated with its development. Later, when the common 
^ ^ — T ^ •— — — T — -A* J —^ .f — j.*—..j f /% 
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separate walls which are deposited upon lamellae. They interpret this 
as a splitting cf the exine layer; the outer part, including tectum and 
columellae, surrounds the whole mass of pollen, whereas the inner 
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part, including foot layer (nexine 1) and nexine 2, surrounds each 
pollen grain. 
Mepham (1970) has proposed an enzyme-requiring model to explain 
sporopollenin synthesis. He suggests that an initiator enzyme, perhaps 
attached to a membrane, would begin synthesis and that propagator enzymes 
would add monomers to the increasingly long polymer. Further polymeriza­
tion and subsequent cross linkages would explain the increased electron 
density characteristic of older exines. 
It has been impossible to generalize concerning the source of 
sporopollenin precursors from which the exine patterns are elaborated. 
Although attempts to localize the sites of precursor origin have been 
partially hampered by a lack of knowledge of their chemical composition, 
the question has also been confused by variability noted among species. 
The presence of orbicules on the inner tapetal wall has long been 
construed to mean that this tissue is capable of precursor synthesis. 
Rowley (1962a, 1963) noted strands connecting TJbisch bodies and the exine 
in Poa and suggested that the exine is composed of materials having a 
tapetal origin. It has been claimed that the exine in Tradescantia, 
which is nearly complete before callose breakdown, is totally a 
secretory product of the pollen protoplast (Mepham and Lane, 1968; 
Mepham, 1970). Tradescantia has a plasmodial tapetum. In other species 
having secretory tapeta, it has been concluded that sporopollenin 
precursors can arise from both the microspores and tapetum ^iichiin, 1969, 
1971; Heslop-Harrison and Dickinson, 1969; DeVries and le, 1970; 
Dickinson, 1971; Homer and Lersten, 1971). Their conclusion hinges 
on two observations: sporopollenin develops in the exine while 
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microspores are still encased in the presumably impermeable callose 
layer, and orbicules develop sporopollenin concurrently with or slightly 
before exine formation. 
The control mechanisms which operate during exine morphogenesis 
have provoked much speculation but have yet remained elusive. Seemingly, 
the elaboration of a patterned exine around itself would be one of the 
first functions controlled by the young haploid nucleus of the microspore. 
However, it has been shown that equally patterned exines are formed 
around sterile microspores or microspores possessing gross chromosomal 
deficiencies (Rogers and Harris, 1969; Mepham, 1970). Rogers and Harris 
note a close correlation between exine thickness and the amount of 
cytoplasm in the microspore which suggests to them that some cytoplasmic 
component is more important than the nucleus in controlling exine develop­
ment. Mepham feels that the exine develops under indirect sporophytic 
control mediated through the cytoplasm bequeathed to the microspore at 
cytokinesis. Likewise, Heslop-Harrison (1971a, 1971b) feels that genes 
concerned with exine patterning are transcribed in the MMC, not in the 
microspore. This position, which minimizes the influence of the haploid 
nucleus in exine development, is reinforced by the fact that there are 
no known instances where one anther possesses pollen grains having 
different exine morphologies (Godwin, 1968). If the control of exine 
development lies in a nuclear gene or genes, segregation patterns 
would be expected to appear in the haploid microspores following meiosis, 
These are not known. 
In those species where an exine pattern or template is well developed 
prior to callose dissolution it is evident that morphogenetic control 
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of the exine pattern lies in spores and not in the tapetum (Heslop-
Harrison, 1969; Heslop-Harrison and Dickinson. 1969). Similarly, Echlin 
and Godwin (1968b) favor the view that "the exine pattern is genetically 
determined by the haploid microspore, and that the parent sporophyte 
(acting via the tapetum and locular contents) is unlikely to play any 
substantial part in this control [of template formation], whatever part 
it may play in the deposition of sporopollenin and other materials in 
the developing spore wall." 
Rowley (1962a, 1962b, 1963) proposed that it was the transfer of 
sporopollenin from the tapetum via strands to the microspore surface 
which determined the exine pattern. This claim has since been reiterated 
(Rowley, et al., 1970). Banerjee and Barghoom (1970) claim that new 
spinules (secondary spinules) are added to the microspore ektexine in 
com by the formation of sporopollenin strands between the Ubisch body 
spinules and the microspore surface. The callose wall has been implicated 
in exine pattern determination in Ipomoea (Waterkeyn and Bienfait, 1970). 
They feel that it serves as a mold for the primexine and thus is the 
first general template for exine patterning. 
Mature Pollen 
The extensive early literature dealing with pollen development and 
the mature male gametophyte in angiosperms and gymnosperms has been 
thorouehlv reviewed by Maheshwari (1949) and Vazart (1958). Mitosis of 
the microspore nucleus forms the generative nucleus and tube (or 
vegetative) nucleus. The mitotic spindle, which develops close to the 
microspore wall along a spore radius, is often acute at its inner pole 
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and blunt or truncated near the microspore wall (Maheshwari, 1949; 
Heslop-Harrison, 1968c). Maheshwari also contrasts the absence of 
mitotic synchrony among all microspores in a locule with the synchrony 
usually noted throughout the locule during meiosis. Heslop-Harrison 
(1968c) reported, however, that microspores exhibit mitotic synchrony 
throughout each massula in several massulate orchids. In this atypical 
situation, cytoplasmic connections persist among adjacent sporogenous 
cells until pollen maturity and this was interpreted as the basis for 
mitotic synchrony. 
The presence of a wall between the generative and vegetative cells 
has been disputed and its nature has been variously described. Although 
it had been reported that the two cells were separated only by two 
plasmalemmas with no intervening cell wall (Bopp-Hassenkamp, 1960; Larson, 
1963), Diers (1963) reported a "clearly visible wall 30-60 my thick" in 
Oenothera. Maruyama, Gay and Kaufmann (1965) report that the wall is a 
true cell wall, probably composed of cellulose and pectin in Tradescantia 
paludosa, and that it forms by the fusion of vesicles, eventually becoming 
continuous with the intine. A rigid wall surrounds the generative cell 
of Linum while it lies adjacent to the pollen wall (Vazart, 1969). This 
reportedly is lost, and only a plasmalemma surrounds the generative cell 
when it migrates to the vegetative cell center. In Endymion non-scriptus 
the generative cell wall is described as an irregular layer of electron-
transparent material approximately 0=2 ym In thickness, concaining a 
discontinuous electron-dense core (Angold, 1968). The wall forms from 
the cell plate and it fuses with the intine which underlies the whole 
generative cell. Similarly, the boundary between the generative and 
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vegetative cytoplasm in Haemanthus katherinae consists of two cell 
membranes separated by a finely fibrillar component ranging from 45-120 nm 
in thickness (Sanger and Jackson, 1971a). 
The generative cell wall has been shown to temporarily possess 
callose during a limited stage of its development (Gorska-Brylass, 
1967a, 1967b, 1968a, 1970). Using aniline blue and resorcine blue tests 
for callose, she has demonstrated the callose plates in pollen from four 
gymnosperms and 82 angiosperms including the grasses Poa annua, Secale 
cereale and Zea mays. She speculates that it is universally present 
in pollen of all species. She contends that those reports denying the 
existence of a generative cell wall were based on observations made at 
a developmental period either before or after the callose stage. The 
callose plate forms in the equatorial plane of the phragmoplast, usually 
starting in the center and expanding to the periphery where it joins the 
intine. In contrast, she reports that callose deposition starts at the 
periphery of the phragmoplast and develops toward the center like a 
closing diaphragm in Poa annua. The callose plate reportedly breaks 
down while the generative cell is still lens-shaped and adjacent to the 
pollen wall, prior to its migration to the center of the pollen grain. 
Gorska-Brylass feels that the callose wall provides a brief but 
important isolating barrier during a critical period of generative cell 
differentiation. Other workers have subsequently reported the presence 
-  r  . 1 1 .  #  . t  . 1 1  . 1 1  /  ?  .  _  1  J  1  O  -  .  r v —  
1969, Mepham and Lane, 1970). However, Heslop-Harrison reports that 
callose invades between the intine and generative cell freeing it to 
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migrate, while still encased in callose, to the center of the vegetative 
cell. The callose breaks down later. 
The process by which the lens-shaped generative cell rounds up and 
detaches from the intine is similar in Haemanthus (Sanger and Jackson, 
1971a) and Endymion (Angold, 1968). The peripheral edges of the dome-
shaped partition wall seem to constrict like a diaphragm under the 
generative cell until it is finally pinched off. In both species, micro­
tubules are associated only with the constricting junction of the 
generative cell wall and intine but no role is attributable to them. 
In Endymion, a disc of the original generative cell wall remains attached 
to the intine after its final detachment. 
In several species the microspore nucleus is positioned at a specific 
site in the microspore, indicating that a polarity has been established. 
In Tradescantia the prophase nucleus is always positioned close to the 
dorsal wall which was in the center of the tetrad (Sax and Edmonds, 1933; 
Beatty and Beatty, 1953), and the subsequently formed generative cell 
lies in this dorsal position also (Maruyama, et al., 1965). Geitler 
(1935), after having surveyed pollen development in numerous species (no 
grasses), concluded that the position assumed by the generative cell 
was constant within a particular species (and often within a genus or 
family) and that the position of the tube and generative nuclei was 
determined by the orientation of the microspores in the tetrad. In several 
massulate orchids, it was shown that prior to mitosis the prophase nuclei 
come to lie close to the periclinal walls within the massula (Heslop-
Harrison, 1968c). Sanger and Jackson (1971a) have reported that the 
microspore nucleus in Haemanthus is always displaced in the cytoplasm 
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toward the side of the grain opposite the furrow. The generative cell is 
subsequently formed opposite the furrow and the tube nucleus lies near the 
furrow. They were unable to associate any causal ultrastructural event 
with the displacement of the nucleus prior to division. 
The polarity involved in microspore mitosis has also been described 
in grasses. In wheat the microspore nucleus is located opposite the 
single pore, separated from it by a single large vacuole in the pore 
area (Batygina, 1962). After division, the two nuclei look similar but 
the nucleus of one cell migrates to the pore area and the cytoplasm loses 
its vacuoles and gains numerous plastids. This is the tube cell. Later 
the generative cell and tube nucleus migrate to the center of the pollen 
grain whereupon the generative cell divides forming two sperm. The 
trinucleate condition is typical for all grasses (Brewbaker, 1967). 
Korobova (1961) reports that microspore nuclear division in com 
employs a spindle which is perpendicular to the wall with one pole near 
it and one pole adjacent to the tonoplast. The generative cell reportedly 
moves soon after its origin to the opposite end of the pollen grain. As 
the vacuole is filled the generative cell is translocated into the center 
of the cytoplasm of the tube cell. Oryol (1969) studied living pollen 
grains of com and demonstrated several instances of microspore-pollen 
polarity. The orientation of the pore toward the tapetum was felt to 
influence the polarity. The microspore nucleus moves from its initial 
cer.trsl position in the young îniorosporo to ® nerinheral noaitlon oooosite 
the pore just after microspore vacuolation. The mitotic spindle forms 
parallel to the pollen grain wall, or at some angle towards it. After 
mitosis, the generative cell always remains opposite the pore but the 
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vegetative nucleus migrates to the vicinity of the pore, again demon­
strating a polarity. The generative cell subsequently rounds up and is 
translocated toward the vegetative nucleus. As it migrates, starch 
accumulation begins and the vacuole size diminishes. He views the 
translocation of the nuclei and generative cell as a passive process 
which accompanies cytoplasmic movement. Earlier studies of Setaria 
(Narayanaswami, 1956) and Avena (Bonnett, 1961) had illustrated 
vacuolate pollen having the generative cell opposite the pore and tube 
nucleus adjacent to it, but they made no comment about it. 
The peripheral location of the pre-mitotic nucleus and spindle 
apparatus in the microspore results in a highly unbalanced distribution 
of cytoplasm at cytokinesis. The tube cell is well endowed but the 
generative cell receives very little cytoplasm. Before division in 
Haemanthus, most of the plastids, mitochondria, and lipid bodies are 
displaced toward the furrow side of the cell so that the generative cell 
only very rarely receives a plastid (Sanger and Jackson, 1971a, 1971b). 
Other reports agree that plastids are very rare in the generative cells 
(Larson, 1963; Hoefert, 1969a, 1969b) or else completely absent 
(Chardard, 1958, 1962; Sassen, 1964; Heslop-Harrison, 1968c; Jensen, 
Fischer and Ashton, 1968). Other normal organelles are present, but 
in reduced numbers. 
Grass pollen grains characteristically possess many starch granules 
ac raacurity. waLauaue (19C1) Lepoi'uS th&t starch grcine initially appear 
in wheat after both nuclei have moved to the area of the pore. The grains 
increase in number and size and the vacuole disappears. He also observes 
in wheat, rye, maize, and rice that starch content decreases at the end 
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opposite the pore just before anther dehiscence. Percival (1921) notes 
that starch grains are more abundant in the half of the wheat pollen grain 
adjacent to the pore. In com, the starch grains reportedly begin to 
form around the periphery of the tube cell, later filling the whole 
grain (Korobova, 1961). Larson (1965) reports that no starch is present 
in the sperm cells of com but that much starch accumulates in the tube 
ceil. One large starch grain forms per plastid and often entirely fills 
it. He further notes that all pollen grain plastids preferentially 
associate with cistemae of ER and are often nearly enveloped by them. 
In pollen of Parkinsonia aculeata, which does not contain starch prior to 
germination, Larson showed that the apparent individual plastids have few 
lamellae. What initially appeared to be individual plastids, however, 
were shown in serial section to be parts of a single highly dissected 
plastid held together by attenuated strands. 
Cytoplasmic Constituents in Sporogenous and Tapetal Cells 
Py (1932), using light microscopy, recognized a so-called "granular 
phase" during meiotic prophase in the meiocytes of numerous angiosperm 
species. In this phase, which persisted from zygotene through tetrad, 
she described the elements of "chondriome" as small and spherical, with 
little structural differentiation. This was followed by the reappearance 
of elongated chondrioconts (mitochondria) and an increase in the size of 
plastids. 
It has since been demonstrated, using EM techniques, that plastids, 
mitochondria, and Golgi bodies can be distinguished at all stages of 
meiosis and later development, although each organelle exhibits a 
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distinct sequence of structural changes (Bal and De, 1961; Maruyama, 1965, 
1968; Dickinson and Heslop-Harrison, 1970a). Maruyama (1968) reported 
three distinct generations of each organelle in Tradescantia paludosa; 
each organelle develops in basic synchrony with other like-organelles 
but the three types of organelles are not synchronous with each other. 
The plastids develop similarly in each generation from proplastids to 
amyloplasts and change their shape from ellipsoid to round. The mito­
chondria, however, have a characteristic dimension and morphology for 
each generation. Both organelles reportedly form the next generation by 
constriction. The Golgi bodies also develop cyclically through three 
generations but no clear continuity was observed between generations 
(Maruyama, 1965). 
The meiocyte plastids of Lllium longiflorum exhibit internal 
simplification from leptotene to the young released spore stage (Dickinson 
and Heslop-Harrison, 1970a). The lamellar systems are reduced and few 
ribosomes are present in the stroma although osmiophilic globuli are 
present. Around T I, membrane-particle associations were observed as 
plastid inclusions and these persisted through the late tetrad stage. 
Plastids of young microspores lacked these membrane-particle associations 
and rapidly formed internal lamellar systems. Starch accumulations and 
division configurations were also noted in plastids at this stage. 
The plastids and mitochondria in young meiocytes of Beta vulgaris 
are relatively undifferentiated but more internal membranes and cristae 
are formed as development proceeds (Hoefert, 1969a). Starch was present 
in plastids at all developmental stages. A reticulum complex, composed 
of ER and associated ribosomes, was described in microspores from the 
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tetrad to binucleate stage. The reticulum complex connects to the 
nuclear envelope and also is closely associated with the plasmalemma. 
Microtubules were also present in a perinuclear position from the tetrad 
to vacuolate microspore stage. 
It has been shown in Lilium and Trillium that the number of ribosomes 
and concentration of RNA decrease between pachytene and diplotene and 
increase again following M I (Mackenzie, Heslop-Harrison and Dickinson, 
1967). They view this as a mechanism to eliminate "2n ribosomes" from 
the meiocyte cytoplasm, clearing the way for synthesis of "n ribosomes" 
and "n protein." Dickinson and Heslop-Harrison (1970b) report that the 
increase in ribosome number and RNA level in Lilium is probably due to 
the release of "nucleoids" from the nucleus at A I and A II. The 
"nucleoids" resemble nucleoli in that they contain protein, RNA, and 
sometimes vacuoles. However, Das (1965) had shown in com that the 
nucleolar organizing region of the chromosome does not form RNA during 
this period. Plastid ribosomes are restored at the same time (Dickinson 
and Heslop-Harrison, 1970a). A similar system of ribosome elimination 
and restoration exists in Cosmos (Knox, Dickinson and Heslop-Harrison, 
1970), but in this species they report that cytoplasmic acid phosphatase 
activity rises to a maximum at zygotene, just when ribosomes are being 
eliminated. They suggest that acid phosphatase may be connected to an 
"autodegradative process" involved in ribosome elimination. 
Information about the cytoplasmic constituents of the tapetum is very 
fragmentary. Light microscopic observations showed that the tapetal cells 
undergo a granular phase similar to the sporogenous tissue (Py, 1932). In 
hemp, the tapetal granular phase coincides with the last mitotic division 
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of the archesporium (Heslop-Harrison, 1963b). During this period, no 
organelles are resolvable using LM but a period of organelle development 
follows and the tapetum becomes highly basophilic by the time of tetrad 
formation. During the mid-secretory phase, the tapetal cytoplasm of 
Silene pendula exhibits an elaborate endoplasmic reticulum with numerous 
anastomoses and links to the nuclear envelope (Heslop-Harrison, 1963b). 
It also has a high BNA content as demonstrated by a strong affinity for 
pyronin. The plastids are elongated with a maximum length of 4.5 um and 
possess a tenuous system of tubular or lamellate invaginations of the 
inner membrane. Starch is never present in the tapetal plastids of Silene 
pendula or hemp but it is rapidly accumulated in plastids of the anther 
wall during meiosis and subsequently it is depleted as the pollen matures. 
Heslop-Harrison further reports the temporary storage of crystalline 
protein in the plastids of herç). Mitochondria range up to 3 um long and 
possess as many as 35 cristae in section. Numerous dictyosomes also are 
scattered throughout the tapetal cells. 
Echlin and Godwin (1968a) show that the very young tapetum of 
Helleborus possesses recognizable mitochondria and plastids, with 
electron-dense and electron-transparent contents respectively. The 
cytoplasm also contains "grey bodies" or pro-Ubisch bodies which 
reportedly are later associated with radiating rays of ribosomes. At 
the late tetrad stage, numerous plasmodesmata connect adjacent tapetal 
cells and the ER is quite prolific with more associated ribosomes. As 
the tapetum begins to degenerate, the plastids and mitochondria are the 
first organelles to disappear. 
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In the gymnospem Podocarpus, Vasil and Aldrich (1970) noted that 
the tapetum contained numerous elongated mitochondria and a rich 
population of elongated cistemae of rough ER. They also observed 
many mitochondria wrapped by ER elements and felt this relationship 
might be involved in sporopollenin precursor synthesis. 
Summary 
Although the general pattern of microsporogenesis is well 
established, few sweeping generalizations about specific details can be 
drawn from the literature at this time. For example, most reports 
associate callose with MMC's during meiosis and attribute a semi-isolating 
function to it, but yet its mode and timing of deposition and dissolution 
are variable. Similarly, a callose wall surrounding the pollen generative 
cell is accepted, but published details differ. That sporopollenin is a 
main wall component of pollen walls is well validated, but its source, 
mode of deposition, and controlling mechanism for its often-ornate 
pattern are still debated topics. The involvement of membranes in 
pattern initiation and sporopollenin deposition has been reported in 
some species or in some wall layers, while not in others. Although 
orbicules have been observed in many taxa with secretory tapeta, their 
origin and functional role, especially the question of their involvement 
in exine patterning, remain enigmatic. The influence of the tapetum on 
developing sporogenous tissue3 also continues to be undefined despite 
i—enipts to cytochemically characterize this relationship. 
In summary, the work to date reveals many interesting facets related 
to microsporogenesis but generally falls short of clarifying the 
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causal mechanisms and interrelationships of development at the cellular 
level. 
46 
MATERIALS AND METHODS 
Male-fertile plants of Combine Kafir 60 (Texas B 3197) Sorghum 
bicolor (L.) Moench were grown in field plots or in a growth chamber 
under the following simulated field conditions: day temp of 27-30 C, 
night temp of 21 C; light regime of 10 hr dark and 14 hr full 
illumination (ca. 2500 ft-c at pot level) separated by a 1 hr "sunrise" 
and "sunset" of half illumination (ca. 1100 ft-c). Anthers at all 
developmental stages were harvested about 6-7 weeks after planting and 
prepared for EM and LM study using the following techniques. 
Techniques for Epoxy-Resin Embedded Material 
Anthers were dissected from the florets and separated by length into 
groups corresponding to developmental stages (Table 1). To aid fixation, 
anthers were split longitudinally through the connective or the anther 
tip was excised while immersed in fixative. Anthers were fixed in 4-5 % 
glutaraldehyde (12-18 hr) or in 1 % OsO^ (2 hr). Both fixatives were 
buffered to pH 7.0-7.5 by 0.05-0.1 M phosphate or cacodylate. Fixation 
was at 4 C or 22 C. In some fixations, lactose (2-6 %) was added to 
adjust the tonicity of the fixative to that of each developmental stage. 
Following three 20 min buffer rinses, the glutaraldehyde-fixed anthers 
were post-fixed in buffered 1 % OsO^ for 1-2 hr and again rinsed three 
times, 20 min each. Material was then dehydrated through a graded ethanol 
series to propylene oxide (P.O.) and embedded in an Araldite-Epon mixture 
(Appendix A, Chart 1) or Epon (Luft, 1961; Appendix A, Chart 2). 
One ym plastic sections were cut with glass knives on a Reichert 
OmU2 ultramicrotome and were stained 3 min at 50 C on the slide with 
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Paragon Multiple Stain (Spurlock, Skinner and Kattine, 1966). These 
sections, observed under phase contrast optics, were the basis for an 
LH study of microsporogenesis and also served to verify each developmental 
stage and assess fixation quality for later EM observation. Well-fixed 
material was thin-sectioned (60-90 nm) for EM with a diamond knife, 
collected on 300 mesh uncoated or 150 mesh Formvar-coated grids, and 
double stained with 20 % uranyl acetate (15-30 min; Stempak and Ward, 1964) 
and lead citrate (20-40 min; Reynolds, 1963). Observations were made on 
an RCA-EMU-3F or Hitachi HU-llC electron microscope, operating at an 
acclerating voltage of 50 KV. 
Techniques for Paraffin Embedded Material 
Anthers were removed, separated into developmental stages by length, 
and fixed whole in FAA (4 C for 24 hr or 22 C for 12 hr) or 3:1 (absolute 
ethanol:acetic acid at 4 C for 12 hr). Material was hydrated and rinsed 
three times (20 min each) in water to remove the fixative. Anthers were 
dehydrated through the tertiary butyl alcohol (TBA) series to pure TBA 
and embedded in 56 C Paraplast (Appendix A, Chart 3). Sections were cut 
at 8 pm on a rotary microtome and mounted on slides using Haupt's adhesive. 
Histochemical tests for the following substances were then performed on 
FAA-fixed sections of all developmental stages. Total insoluble carbo­
hydrate content was assayed by the periodic acid-Schiff reaction 
(Appendix A, Chart 4). Protein content was measured by mercuric 
KTTimnliATjnl hlwe cfainino f-K nona-fn ev+yarfiAn A-
Chart 5). Nucleic acids were localized by azure B staining coupled 
with RNAase extraction (Appendix A, Chart 6). Callose was 
identified using the aniline blue fluorescence method on material fixed 
in 3:1 (Appendix A, Chart 7). 
Techniques for Non-embedded Material 
Preparations for scanning electron microscopy (SEM) were made from 
fresh mature anthers. The locule was slit longitudinally and opened 
out onto a specimen stub coated with a tape adhesive. The preparation 
was then shadowed from all angles with approximately 15 nm gold and 
viewed with a Cambridge Mark II or Stereoscan S4 scanning electron 
microscope. 
Squash preparations were employed to study meiotic and mitotic 
chromosomes and also to localize callose. Some squashes for chromosome 
study were made using fresh anther material placed directly into 
aceto-carmine (Appendix A, Chart 7). Other anthers were fixed 24 hr 
in 3:1 (absolute ethanol:glacial acetic acid) and then transferred to 
70 % ethanol for storage at -10 C. These anthers were bulk-stained 
using the Feulgen technique and squashed in 45 % acetic acid (Appendix A, 
Chart 7). For callose study, fresh anthers were squashed directly into 
an aniline blue solution (Appendix A, Chart 8) and observed on a Leitz 
Ortholux microscope equipped with an ultraviolet light source (mercury 
lamp), a 430 nm barrier filter, and lamp housing filters BG38 and UGl. 
For some stages, 5-10 % lactose was added to the aniline blue to adjust 
its tonicity to that of the sporogenous tissue. 
by mincing fresh anthers in an aqueous solution containing 5-10 % lactose 
and immediately observing the preparation using phase-contrast optics. 
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All light micrographs in this study were taken on a Leitz Ortholux 
microscope equipped with an Orthomat camera and phase-contrast optics, 
although, in a few instances, bright field optics were used. 
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OBSERVATIONS 
Features of the sporogenous tissue have been used to divide the 
process of microsporogenesis into ten developmental stages for analysis. 
These stages can be estimated within the intact anther by measuring anther 
length before fixation (Table 1). A general survey of these ten stages of 
microsporogenesis will be presented first, focusing primarily on develop­
mental aspects of the sporogenous tissue. This will be followed by a 
detailed description of the cytoplasmic constituents of sporogenous 
tissue and the development of the pollen wall and pollen pore. The 
tapetal cytoplasm and orbicular wall will be considered next, followed by 
the parietal layers and epidermis. 
General Pattern of Microsporogenesis 
Sporogenous mass (anthers ca. 0.50-1.05 mm long) 
The very young anther consists of four microsporangia connected to 
the stamen filament by connective tissue (Fig. 1). A solid mass of 
sporogenous cells occupies the center of each microsporangium at the 
earliest observed stage. The surrounding microsporangium wall consists 
of a uniseriate tapetum, two parietal layers and an epidermis which is 
continuous over the rest of the anther (Fig. 1, 2). Each sporogenous 
cell, although slightly irregular in shape, has at least one surface in 
contact with the tapetum. The sporogenous cells become more regular in 
outline as the anther expands in diameter and resemble sectors of a 
circle when the anther is viewed in cross section (Fig. 16). 
Callose is initially deposited into the center of the sporogenous 
mass of cells and then progressively outward along the radial surfaces 
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of these cells (sporocytes; Fig. 3, 17, 18). A thin callose layer finally 
intrudes between the outer sporocyte surface and the tapetum but this does 
not occur until meiosis has commenced. 
Meiosis I stage (anthers ca. 1.10-1.25 mm long) 
Elongation and radial expansion of the anther (Table 1) causes the 
MMC's to separate from each other in the center of the locule (Fig. 4, 19). 
During meiotic prophase, the single nucleus in each tapetal cell divides 
mitotically without subsequent cytokinesis to form binucleate cells 
(Fig. 6). The metaphase plates are usually oriented parallel to the 
locular surface. Mitosis is almost synchronous throughout the locule. It 
is complete before meiotic pachytene, but the chromatin does not redlsperse 
in each nucleus; it remains clumped at each nuclear periphery (Fig. 136-
138). This binucleate condition persists through all stages of tapetal 
development until the tapetum degenerates in the vacuolate pollen stage. 
Sporocytes in prophase I are not yet isolated from the tapetum by 
callose (Fig. 4, 19-21, 51). Furthermore, large cytoplasmic channels 
between sporocytes are apparent at the EM level. By metaphase I (Fig. 5), 
however, callose has formed a complete, but asymmetrically thickened, 
wall around each sporocyte. Meiosis is normal and chromosome squashes 
at metaphase I and anaphase I establish the haploid chromosome number to 
be 10 (Fig. 7). Cytokinesis is of the successive type. The telophase I 
cell plate and subsequent callose partition form in a plane perpendicular 
to thô anhtenHin* fAnefal onyf anf» ar» noil f-ho rlvarî 
remains adjacent to the tapetal surface. 
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Dyad and early tetrad stage (anthers ca. 1.30 and 1.35-1.45 mm long) 
After a brief interphase, meiosis II proceeds normally and iso-
bilateral tetrads result from the cytokinesis (Fig. 9). The two new 
callose partitions formed during meiosis II occur perpendicular to the 
dyad partition wall so they also lie in a plane perpendicular to the 
tapetal surface adjacent to the tetrad (Fig. 22, 24, 52). Callose is 
thin and not readily visible at the LM level during these later stages 
of meiosis except when the aniline blue-fluorescence technique is used. 
Recently formed callose seemingly fluoresces more intensely than earlier-
formed callose (Fig. 24). Further anther enlargement (Table 1) causes the 
intact dyads (Fig. 8) and tetrads (Fig. 9) to separate from each other but 
they remain peripheral in the locule (Fig. 22, 23). Each microspore of 
a tetrad remains appressed to the tapetum but is separated from it by 
the thinnest region of the persistent asymmetric callose wall (Fig. 52). 
Late tetrad stage (anthers ca. 1.50 mm long) 
The feature distinguishing this stage from the early tetrad stage is 
the addition of the primexine between the microspore plasmalemma and the 
surrounding callose wall; this, however, is visible only under EM 
magnification (Fig. 52, 53). The callose surrounding the tetrad becomes 
even less distinct and the microspores begin to lose the flat faces where 
they abut the other three microspores of the tetrad (Fig. 54). 
Early vacuolate microspore stage (anthers ca. 1.55-1.75 mm long) 
As the microspores are released from the tetrad following callose 
dissolution, they are often wavy in outline and contain many small 
vacuoles (Fig. 10, 54-57). They round up, expand slightly in volume. 
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and acquire a distinct wall (Fig. 11). Each microspore nucleus contains 
a conspicuous large nucleolus (Fig. 10, 55) and numerous smaller dark 
staining bodies, interpreted as condensed chromatin, at its periphery 
(Fig. 10, 11). 
Mid vacuolate microspore stage (anthers ca. 1.80-1.95 mm long) 
The many small microspore vacuoles coalesce into fewer larger 
vacuoles and the microspores expand further (Fig. 12, 25, 58, 59). The 
nucleus is displaced from its central position to a peripheral position 
(Fig. 12, 60) opposite the pore. The microspore exine thickens to near 
its final size and the orbicular wall is now evident on the inner 
tangential surface of the tapetum (Fig. 12). 
Late vacuolate microspore stage (anthers ca. 2.0-2.50 mm long) 
The numerous vacuoles noted in younger microspores coalesce into 
one large vacuole which fills the microspore except for a thin peripheral 
layer of cytoplasm (Fig. 13, 110). At this stage the microspores 
continue to be appressed to the tapetum and now are nestled into 
depressions of the tapetal surface (Fig. 13, 110, 172). The single 
microspore pore is invariably oriented toward the tapetum and the single 
nucleus, with its conspicuous nucleolus, lies at the opposite end of 
the microspore (Fig. 13). The close association of the sporogenous cells 
with the tapetum continues at this stage. The early mid vacuolate 
microspores, however, tend to be more easily dislodged from this 
association and are observed in the center of the locule more frequently. 
In preparing squashes of living material, the microspores of these two 
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stages readily flow from the anther, while extrusion of earlier and 
later sporogenous cells was more difficult. 
Vacuolate pollen stage (anthers ca. 2.55-2.75 mm long) 
The single microspore nucleus, while still located in the peripheral 
cytoplasm opposite the pore (Fig. 31), undergoes mitosis to form the 
generative and vegetative (tube) nuclei (Fig. 14, 32, 61). At cyto­
kinesis, most of the cytoplasm, as well as the single large vacuole, 
is incorporated into the vegetative cell. Only a small amount of 
cytoplasm is enclosed in the generative cell which forms directly 
opposite the pore (Fig. 32). The wall, which attaches the generative 
cell against the exine, is arched (Fig. 32, 34) and is composed of callose 
as revealed by aniline blue fluorescence (Fig. 33). The vegetative 
nucleus lies adjacent to the generative cell for a brief time (Fig. 32) 
but soon migrates toward the pore (Fig. 34-37) and assumes a position 
near or directly beneath it (Fig. 39-41). The somewhat flattened 
generative cell is retained against the exine by the persistent callose 
wall (Fig. 38, 42). At this stage, the vegetative nucleus is large, 
containing a prominent large nucleolus (5 ym diam), while the 
generative nucleus and nucleolus are both much smaller. 
Engorging pollen stage (anthers ca. 2.80-3.75 mm long) 
The generative cell rounds up and protrudes into the large vacuole 
(Fig. 43, 44). Its wall no longer stains for callose. The generative 
cell migrates to a position adjacent to the vegetative nucleus, near the 
pore (Fig. 45-47), just at the outset of starch accumulation in the 
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pollen grain. Although starch granules initially appear throughout the 
peripheral cytoplasm, they are concentrated primarily near the pore 
(Fig. 27; 48). Starch accumulation continues most rapidly in the cyto­
plasm near the pore and progressively fills the pollen grain in a polar 
fashion; the region near the pore is engorged first and the vacuole is 
retained against the opposite end (Fig. 48). As more starch accumulates, 
the vacuole progressively diminishes in size (Fig. 49) until it is no 
longer present and the pollen grain is completely engorged (Fig. 15, 26, 
62). The pollen grain is extremely PAS positive by this stage. Starch 
deposition precludes observation of the nuclei in pollen whole mounts 
(Fig. 50) but sections reveal that the vegetative nucleus, which some­
times is lobed, assumes a near-central position in each grain (Fig. 15, 
62). The generative cell remains near the vegetative nucleus (Fig. 27) 
and divides when engorgement is half complete (Fig. 28, 29) producing 
two sperm cells. The sperm cells are also difficult to observe due to 
the many large starch grains, but they can be identified near the 
central vegetative nucleus (Fig. 30, 81). 
Cytoplasmic Constituents of the Sporogenous Tissue 
Fixation of sporogenous tissue was especially difficult due to 
problems of penetration (imposed by the callose wall) and problems of 
osmolality (especially in the highly vacuolate late microspores and 
early pollen). In general, tapetal fixation was better than that of the 
sporogenous tissue. Considerable time was spent working out procedures 
which gave relatively consistent results with minimal artifact. 
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Organelles of both tissue types undergo obvious structural changes 
during pollen development. Likewise, their prevalence varies. The 
cytoplasmic constituents of both tissues are summarized in Table 2 
and the sporogenous cell organelles are discussed below. 
The ER in sporogenous cells is rather sparse prior to the vacuolate 
pollen stage. It appears as scattered vesicles or long tubular structures 
until the early tetrad stage, but then a portion of the ER forms elongated 
tubules or sheets which occasionally have an enlarged lumen (Fig. 70). 
Ribosomes occasionally associate with the ER but it generally appears 
smooth in the early stages. A gross proliferation of both ribosomes and 
ER occurs during the vacuolate pollen stage so that the cytoplasm of 
mature pollen is extremely dense with many polyribosomes and rough 
ER (Fig. 62, 78). 
Numerous spherical vesicles appear in the dyad and early tetrad 
stages (Fig. 69) and may occasionally fuse with the plasmalemma (Fig. 71). 
Their distinct unit membrane boundary and internal contents make them 
easily distinguishable from the larger vacuoles. The origin or content 
of these vesicles is uncertain. They might arise from the dictyosomes 
since the dictyosomes, composed of 4-5 flattened cistemae, have 
associated vesicles of similar size (Fig. 69). The free spherical 
vesicles are less frequent by the late tetrad stage, but the dictyosomal 
vesicles are still present (Fig. 72). Dictyosomes are apparent in all 
subsequent sporogenous stages including the generative cell (Fig. 61, 79) 
and sperm cells (Fi#. 83, 84). The numerous dictyosomes in the vegetative 
cell of the engorged pollen consist of about 8 closely appressed, 
flattened cistemae with small attached spherical vesicles (Fig. 78). 
Table 2. Summary of cytoplasmic constituents 
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Plastids Mitochondria Microbodies Lipid Bodies 
none yes, few; not 
observed membrane-
bound 
granular periphery, fibrillar many, small, very " yes, small 
interior, some tubules, few irregular 
osmiophilic droplets; small 
starch grains rare 
" " " yes, few 
some appear to have lost " " yes, few 
contents 
a few membrane inclusions 
and osmiophillc droplets 
possibly yes, few 
present 
few yes 
a few elongate; some simple compartmentalized none yes 
membrane inclusions by cristae observed 
" " yes 
multilobed; starch grains 
forming, no osmiophillc 
droplets 
yes, dense 
oval, finger-like none 
cristae into observed 
medium dense matrix " 
yes, normal cristae " 
yes, few 
none 
filled with starch; "tails" yes, oval normal 
cristae 
numerous 
yes yes none 
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Vacuolate pollen yes indistinct ER 
Engorged pollen none none none 
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Plastids Mitochondria Microbodies Lipid Bodies 
dense granular, few long oval, inflated non- yes, few, 
internal tubules staining cristae small 
dense; internal tubules, few elongated yes, few " 
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yes, yes, numerous 
numerous 
tiny starch grain in most elongated yes, yes, numerous 
few, tight ER assoc. numerous 
none, degenerating 
membrane complexes " yes 
none none none none 
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Plastids are clearly distinguishable from the other organelles 
because of their large size and characteristic morphology. In the early 
stages they range in shape from spherical to elongate-oval (Fig. 51, 52, 
63. 67) (often with a central constriction) to pleiomorphic (Fig. 68). 
They consist of a peripheral dense granular region which surrounds a 
less dense central region containing a network of fibrillar material 
(possibly DNA) (Fig. 64). Infoldings of the inner plastid membrane form 
a lamellar system primarily restricted to the peripheral portion of the 
granular region (Fig. 65, 66). The lamellae occasionally anastomose. 
Small starch grains are sometimes noted in plastids from the sporogenous 
mass stage through prophase I but not thereafter until engorgement begins 
at the vacuolate pollen stage. Tubular infoldings of the inner membrane 
are prevalent by the early tetrad stage, and some plastids contain one 
to several osmiophilic globules (Fig. 70). In addition, by early tetrad, 
plastids seemingly become dimorphic; some plastids retain their original 
density while others lose their dense appearance (Fig. 52, 69) and perhaps 
break down. These two types of plastids are observed through the early 
vacuolate microspore stage but by mid vacuolate microspore stage, all 
plastids are composed of a densely granular internal matrix containing 
osmiophilic bodies. 
Beginning in the vacuolate pollen stage, thu vegetative cell plastids 
progressively fill with starch (Fig. 73) so that the mature pollen grain 
is mostly engorged with starch grains (Fig. 62). Many more starch 
grains are formed than can be accounted for by the relatively few 
plastids present at earlier stages if it is assumed that each plastid 
61 
forms only one grain. As engorgement begins, however, multilobed plastids 
are observed (Fig. 80); one grain forms per lobe. As the starch grains 
enlarge, the lobes remain connected with each other resulting in the 
many plastid "tails" observed during early engorgement (Fig. 73-75). 
These tails are obscured as the starch grains expand and the surrounding 
cytoplasm becomes increasingly dense. Since starch accumulation occurs 
most rapidly near the pore, the large vacuole is progressively displaced 
to the opposite end as it diminishes in size. Whirled arrays of 
membranes are observed in the diminishing vacuole (Fig. 76, 77) and also 
in the cytoplasmic region opposite the pore after the vacuole is gone 
(Fig. 78). These arrays are interpreted as remains of the vacuolar 
tonoplast. 
The generative cell, which is retained against the exine by a wall 
previously shown to be callose (Fig. 33), contains distinguishable 
plastids and mitochondria (Fig. 79). The irregularly thickened callose 
wall ranges from around 45 nm to 90 nm wide and is bounded by a plasma-
lemma on each side. It appears similar in texture to the thin layer of 
homogeneous material separating the generative cell from the exine at 
this stage (Fig. 79, 80). The intine, however, is not found in this 
region at this time like it is between the vegetative cell cytoplasm and 
the exine; it develops only after the generative cell migrates away 
from the exine. The sperm cells are bounded by their own plasmalemma 
and an irregular wall which separates them from the vegetative cytoplasm 
(Fig. 82-84). They possess mitochondria, dictyosomes, and plastids 
(Fig. 83, 84); the plastids lack starch. 
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Mitochondria in the sporogenous tissue are highly irregular with 
respect to their shape and internal compartmentalization. They are 
much smaller than the plastids. Numerous infoldings of the inner 
membrane produce enlarged tubular or vesiculate cristae. The space 
between them does not stain. By the tetrad stage the mitochondrial 
matrix is densely granular and is partitioned into irregularly shaped 
regions by the cristae (Fig. 53). The mitochondria assume a more regular 
oval shape and uniform tubular cristae by the vacuolate pollen stage 
(Fig. 80). 
A few small spherical lipid bodies are found consistently in the 
cytoplasm of all cells from sporogenous mass to the vacuolate pollen 
stage (e.g., Fig. 52). These bodies which are not bound by a membrane, 
vary in size; they increase in volume and number as the pollen grain 
becomes engorged and, at maturity, they are numerous and conspicuous 
(Fig. 62, 78). Microtubules and microbodies have been occasionally 
observed in the sporogenous cytoplasm but not regularly enough to note 
any trends. 
Pollen Wall Development 
Pollen wall development is summarized in Tables 3 and 4 and Fig. 168. 
During the sporogenous mass stage the tapetal cells and sporogenous cells 
are surrounded by primary walls only. Numerous plasmodesmata link 
adjacent sporogenous cells with each other and to the tapetum (Fig. 85). 
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of callose deposition. By metaphase I, the meiocyte-tapetal connections 
are also lost so that callose completely encompasses each meiocyte. 
Callose partition walls separate the meiotic products after meiosis I 
and meiosis II so that each daughter protoplast (microspore) is completely 
ensheathed in callose. 
During the early tetrad stage, the callose wall is contiguous 
with the microspore plasmalemma (Fig. 86, 87). In the late tetrad stage, 
however, small islands of primexine intervene between the intact callose 
and the microspore plasmalemma (Fig. 88). Primexine deposition continues 
until each microspore is encompassed by a thin layer approximately 40 nm 
thick (Fig. 89), except in the region where the single pore will form. 
A gap is left in the primexine at this point. There is no obvious 
sporopollenin deposition within the primexine at this stage. Later, 
however, the primexine contains discrete loci that become the sporo-
pollenin-containing bacula (Fig. 90). The plasmalemma is usually 
separated from the primexine by an irregular space, yet there was no 
evidence of any organelle continuity across the space, or adjacent to the 
plasmalemma, that could be related to the disposition of developing loci 
or other wall components. 
Callose disappears from around each tetrad sequentially. Initially, 
the peripheral callose fades, exposing part of each of the four micro­
spores, but the persistent callose in the center of the tetrad spatially 
retains the tetrad association for some time. Each microspore now is 
surrounded by a slightly thickened primexine (Fig. 91). While the central 
callose disappears, bacula, which have the same staining quality as 
sporopollenin, become evident within the primexine (Fig. 91, 92). Their 
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appearance is synchronous on all microspore surfaces. Thus, individual 
microspores, each possessing only the rudiments of an exine wall, are 
released (Fig. 55, 56). 
Exine development occurs rapidly on the released microspores. Each 
baculum develops into a stubby spear whose base lies near the plasmalemma 
(Fig. 93); the shaft extends through the primexine, and the tip, protruding 
beyond the primexine, expands into a broad spearhead above it (Fig. 93, 
94). Further lateral expansion of the spearheads above the primexine 
unites several adjacent bacula (Fig. 93, arrows). The fused bacula 
accumulate more sporopollenin and form conspicuous, irregular mounds, 
which bear small pointed projections (Fig. 95). These structures, which 
I designate "bacular mounds" and "protuberances," both persist through 
wall maturity (Fig. 102, 103, 106). The protuberances seemingly are 
derived from the bacular tips as will be discussed later. Other 
sporopollenin is deposited on the adjacent primexine between the mounds, 
forming a continuous, but irregular tectum (Fig. 95). 
After callose disappears, the primexine progressively becomes strati­
fied into differently stained layers. Initially, a single, thin, darkly-
stained layer forms between the bacular bases, connecting them (Fig. 92, 
arrow); slightly later, three to five layers become apparent (Fig. 93, 
94). The basal-most primexine layer is associated with nexine initiation 
and development (Fig. 93, 94). However, a direct relationship of the 
other primexine layers to subsequently developed exine regions could 
not be determined. 
During the mid vacuolate microspore stage, the bacular mounds 
become less conspicuous as sporopollenin continues to accumulate over 
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the entire tectum. Many rudimentary channels develop in the inter-
mound regions, and also in the nexine, where they are infrequent 
(Fig. 96). These channels later become more regular in outline (Fig. 97). 
Some of the channels form beneath the bacular mounds in regions that had 
earlier appeared as small cavities (Fig. 95, arrows). These latter 
channels seemingly angle out from beneath the bacular mounds to connect 
with the intermound channels, producing the configurations shown in 
Fig. 97, 98. 
The exine nearly attains its mature thickness and configuration before 
the late vacuolate microspore stage. It now consists of a tectum, many 
supporting bacula, and a channeled nexine (Fig. 98). The tectum, 
composed of protuberance-bearing mounds which are separated by channeled 
regions of sporopollenin, is markedly thicker than the nexine (Table 4). 
The tectum is displayed in tangential section (Fig. 99, 100) and SEM 
surface view (Fig. 102, 103) for comparison. Although channels in the 
tectum are rather uniformly distributed on the inner tectum surface 
(Fig. 99, 100) they are found only in the shallow furrows between the 
bacular mounds on the exterior surface (Fig. 100, 102, 103). The channels 
beneath the bacular mounds angle around them, occasionally inter­
connecting (Fig. 98, 99); channels between the mounds typically remain 
straight. The primexlne that has gradually disappeared, except for 
possible remnants, leaves a hollow region, the cavea, between the 
tectum and nexine (Fig. 98, 100). 
After microspore mitosis, the intine is initiated and a thin, 
granular layer also forms at its interface with the nexine. As the 
intine thickens irregularly (Fig. 104), some cytoplasm is left behind 
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as membrane-bound channels, thereby retaining contact between pollen 
cytoplasm and the granular layer at the base of the nexine. Intine 
development between the generative cell and adjacent exine is delayed 
(Fig. 80) until the generative cell migrates away from the exine. The 
exine channels become less distinct, possibly being partially occluded 
with sporopollenin and other materials, and the outer exine surface 
exhibits a trilaminar staining configuration (Fig. 104, 105). 
By the engorged pollen stage, the entire wall has been completely 
formed and the 860 nm intine is slightly thinner than the 950 nm exine 
(Table 4; Fig. 62) except near the single pore. The intine is much 
thicker (up to 1.9 um) in this region which is appressed to the tapetum 
(Fig. 105, 113). The cytoplasmic intine channels remain quite prominent 
in mature pollen (Fig. 101, 105), while channels in the tectum and nexine 
are still visible but less conspicuous. The cavea sometimes contains 
debris similar to that on the surface of the tectum. 
Pore Development in the Pollen Wall 
A single germination pore (aperture) is found in each pollen grain 
wall. At pollen maturity the pore consists of a raised collar-like 
annulus which surrounds a central plug-like operculum (Fig. 106, 107, 
111, 112). The development and structure of the pore closely parallel 
that of the non-apertured pollen wall. It is initiated at the outset 
of wall development during early primexine formation and a pattern 
Qcvcxopb Oil clic v^tîi.viixuiu uii ciic is 
identical to that of the non-apertured exine, except that the nexine is 
highly modified in the annulus. Its dimensions are summarized in Table 4. 
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From its inception, the pore is adjacent to the tapetum. Each 
sporocyte is appressed to the tapetum (Fig. 108) due to the mode of 
initial callose deposition and, following meiosis, the microspores retain 
this spatial association. Pore initiation occurs at that point of contact 
where the microspore surface is separated from the tapetum only by the 
thinnest region of callose wall (Fig. 52). When the early microspore 
wall is first observable using light microscopy, the rudimentary pore is 
positioned near the tapetum (Fig. 109). This close relationship 
continues to be evident at the late vacuolate microspore stage (Fig. 110) 
and persists through the engorged pollen stage (Fig. 113). 
The site where the pore will develop is initially represented by 
a gap in the primexine during the late tetrad stage (Fig. 114). Primexine 
deposition is seemingly discontinuous in this region, leaving a ring-like 
area of the microspore plasmalemma in contact with the callose wall. As 
the callose breaks down, a rudimentary operculum overlies the central 
portion of the original primexine gap and a slightly thickened annulus 
surrounds it. The internal surface of the developing annulus depresses 
the plasmalemma and the external surface protrudes above the adjacent 
wall surface (Fig. 115). The characteristic pattern of developing 
bacula, found in the non-apertured region of the wall, is also present 
in the operculum and in the external layer overlying the annulus. A 
central island of primexine has been observed in the primexine gap at 
a stage preceding pattern development. This young operculum appears 
identical in density and pattern to non—âpeïLurèd wall regions. The 
internal region of the annulus is composed of vaguely stratified granular 
zones (Fig. 115), occasionally resembling unit membranes (Fig. 117, arrows). 
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The region of plasmalemma between the operculum border and the inner 
margin of the annulus is covered by a thin granular layer (Fig. 115). 
Immediately beneath this region, elements of ER are present in the 
cytoplasm (Fig. 115-119). Median sections through the pore reveal these 
elements in cross section (Fig. 115) and non-median sections reveal them 
in profile (Fig. 116-118). Concentric orientations of circular ER are 
present in oblique or grazing sections (Fig. 119). The arrangement of 
ER at this stage is diagramatically represented in Fig. 120. The ER 
configurations noted beneath the pore are unique to that region and are 
not observed beneath the non-apertured wall. 
During the early vacuolate microspore stage the annulus progressively 
thickens and lamellae become distinct in the predominantly granular 
matrix (Fig. 121, 122). The lamellae are basically dichotomous and 
continuous with the basal most primexine layer, the future nexine. At 
a slightly later stage (Fig. 123-126), it is apparent that these lamellae 
consist of a central membrane-like core, both sides of which are coated 
by a dense material (presumably sporopollenin). The membrane-like cores 
are reduced to lightly stained thin lines in the thickening lamellae, 
and finally are obliterated. New cores, however, arise in the granular 
zone beneath the older lamellae (Fig. 126) and sporopollenin is 
subsequently deposited on both sides of them. In some instances, the 
membrane-like cores seemingly dichotomize (Fig. 121, 126, arrows), or 
terminate abruptly (Fig. 123, 127, arrows). Although the cores are about 
12 nm thick and otherwise resemble the trilaminate unit membrane structure, 
no evidence was found to suggest an origin from the plasmalemma or any 
organelle. 
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The wall developing above the annulus is comparable to the non-
apertured wall except that it lacks a continuous nexine. Many bacular 
bases terminate abruptly in a lightly stained granular region above the 
developing annular lamellae but some fuse with the upper lamellae 
(Fig. 126). The bacular mounds and tectum develop normally in this 
region, and also on the operculum. The operculum develops a nexine 
(Fig. 123) from the basal most primexine layer which appears to be 
continuous across the plasmalemma surface between the operculum and 
annulus (Fig. 124, arrow). 
The typical exine pattern is completed above the annulus and on the 
operculum during the mid- and late vacuolate microspore stages. The 
sporopollenin lamellae continue to thicken and increase in number causing 
the granular zones separating the lamellae to narrow. Originally these 
granular zones are homogeneous (Fig. 126) but they later exhibit 
striations similar to those observed in the developing cavea region 
(Fig. 128, 130). Thickening of the annulus further depresses the 
plasmalemma and it separates from the periphery of the "pore membrane" 
which subtends the operculum (Fig. 129). The plasmalemma later withdraws 
completely from the operculum and the intervening zone is finely granular 
in the center and coarsely granular beneath the annulus (Fig. 131). The 
finely granular zone spreads laterally forming a plug, the 
"Zwischenkorper" (interstitial body, Beer, 1905), which subtends the 
complete pore area, extending beyond the annulus (Fig. 132). This plug 
is formed prior to microspore mitosis and, in some cases, it appears 
continuous with the thin granular layer which forms later between the 
intine and exine (Fig. 134). 
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A thin rudimentary intine forms in the region beneath the 
Zwischenkorper during early pollen engorgement (Fig. 132). It thickens 
and develops cytoplasmic channels (Fig. 133), but fewer channels are 
present here than in the intine beneath the non-apertured wall, where 
development occurs slightly earlier. The channels terminate at the base 
of the Zwischenkorper. At pollen maturity the operculum often is exserted 
through the annulus, supported by the attenuated Zwischenkorper (Fig. 133), 
making the inside diameter of the annulus larger. In some cases, tubular 
or fibrillar material protrudes between the annulus and operculum and 
seemingly connects the pollen grain to the orbicular wall (Fig. 134). 
The sporopollenin lamellae of the annulus are closely appressed to each 
other; only thin spaces indicate the locations of earlier interlamellar 
regions (Fig. 133, 134). Membrane-like cores cannot be identified at 
this stage. The mature annular thickness of 1.5 ym is less than at 
earlier stages. 
Cytoplasmic Constituents of the Tapetum 
The stages of meiosis and differentiation in the spore-producing 
tissue are accompanied by a progressive cytoplasmic development of the 
tapetum, followed by its sudden and complete degeneration. The general 
cytoplasmic condition of the tapetum and sporogenous cells has been 
monitored at each stage of development using azure B for RNA and mercuric 
bromphenol blue for protein; the results are summarized in Table 5. 
except the late vacuolate microspore stage when only a minimal amount 
of peripheral cytoplasm is present. Likewise, the sporogenous cells are 
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protein positive except for the vacuolate microspore and vacuolate pollen 
stages. The tapetum stains RNA positive until the late vacuolate micro­
spore stage, weakly RNA positive through the vacuolate pollen stage, and 
thereafter it is RNA negative since the tapetal cytoplasm has degenerated. 
Similarly, the tapetal cytoplasm is protein-positive until the late 
vacuolate microspore stage, weakly positive during the vacuolate pollen 
stage and protein negative thereafter. The tapetum retains its protein 
and RNA staining characteristics until it structurally degenerates. 
The cytoplasmic events leading up to and including tapetal 
degeneration are discussed below; tapetal organelles are summarized in 
Table 2. Numerous plasmodesmata interconnect adjacent tapetal cells 
during the sporogenous mass stage and meiosis (Fig. 135). Similar 
connections link the base of the tapetum to the inner parietal layer, and 
this layer, in turn, to the endothecium and epidermis (Fig. 176). At the 
tetrad and microspore stages, a progressive dissolution of the primary 
walls on each tapetal cell occurs sequentially on the locular, radial, and 
outer tangential surfaces. The plasmodesmata expand between adjacent 
tapetal cells forming broad cytoplasmic channels (Fig. 137, 138). These 
channels persist, essentially producing a tapetal coenocyte. Variously 
shaped structures are observed within the intercellular spaces left as 
the radial walls break down (Fig. 137, 147). Aggregations of membrane­
like structures are occasionally found on the outer tangential tapetal 
plasmalemma (Fig. 146) where early separation from the parietal layer 
often occurs. During the vacuolate pollen stage, an irregular layer 
of dense material, resembling sporopollenin, accumulates in these two 
regions (Fig. 144, 149). 
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Tubular elements of the ER are sparsely scattered throughout the 
tapetal cytoplasm during the sporogenous mass stage. A progressive 
proliferation and expansion of the ER forms a short-lived reticulum of 
anastomosing vesicles during prophase I but it is gone before the tetrad 
stage. Further proliferation of the ER and ribosones causes the cyto­
plasm to increase in density by the tetrad stage (Fig. 136) and to 
become extremely dense by the late vacuolate microspore stage (Fig. 139). 
The ER forms closely packed parallel arrays with many attached polysomes 
(Fig. 138, 139). In addition, the ER is often found intimately 
associated with the tapetal plastids (Fig. 138, 139) and microbodies 
(Fig. 138, 139). This relationship is observed in all stages from 
meiosis I to late vacuolate microspore but is most conspicuous during 
the later stages. Microbodies, which are observed only infrequently 
during early developmental stages, become more obvious from early 
through late vacuolate microspore stages (Fig. 139). Their association 
with ER is also most apparent. 
Tapetal plastids are conspicuous cytoplasmic constituents at all 
stages (Fig. 135-139). They are large, oval to elongate-oval, often with 
a slight central constriction. Their internal matrix is densely granular 
containing a few long tubular infoldings of the inner membrane and a few 
(to many) spherical osmiophilic bodies (Fig. 137, 138). These 
osmlophilic bodies are sometimes partially extracted, indicating a 
probable lipid component. They are present at all stages of development 
until tapetal degeneration and are usually concentrated in one or two 
regions of the matrix rather than being uniformly distributed (Fig. 137). 
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In several instances, dark staining globules have been observed within 
the matrix tubules and also in the ER adjacent to the plastids. 
During the late tetrad stage elements of ER come to lie adjacent 
(and often parallel) to the tapetal plasmalemma subtending the newly 
forming prc-orbicules. This orientation persists through the late 
vacuolate microspore stage. The ER is very tightly appressed to the 
invaginations in the plasmalemma which contain pro-orbicules (Fig. 157, 
158), but no fusion of the ER and plasmalemma was observed. During the 
mid-vacuolate microspore stage numerous small vesicles were observed free 
in the tapetal cytoplasm and also fused with the plasmalemma (Fig. 161). 
These vesicles are bounded by a distinct membrane with staining 
characteristics dissimilar to the ER or dictyosomal membranes. Their 
occurrence is restricted to this stage only. The origin of these 
vesicles is unknown. 
Normal dlctyosomes, consisting usually of five flattened cistemae 
with associated spherical vesicles, are found in all stages. The 
attached vesicles are initially few and small (Fig. 135) but their 
frequency and size Increase by the late tetrad stage (Fig. 136). Numerous 
spherical vesicles are observed free in the cytoplasm (Fig. 136). A 
dictyosomal origin for these vesicles is possible, although their size 
usually exceeds that of the dictyosomal vesicles. Many of these other­
wise non-staining vesicles contain a dark staining spherical inclusion 
(Fig. 136). In some cases, they appear to fuse with the undulate plasma-
lemma. 
The tapetal mitochondria possess a densely granular matrix but are 
distinguishable from plastids because of their generally smaller size 
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and characteristic cristae. The numerous tubular cristae are wide, 
having inflated regions devoid of stainable content (Fig. 137-139). The 
mitochondria are generally oval in outline until the late tetrad stage 
(Fig. 136) but thereafter some are elongated (Fig. 138). 
Lipid bodies are present in tapetal cells during all developmental 
stages, but they are most prevalent and largest (1.1 ym diam) from the 
late tetrad to late vacuolate microspore stage (Fig. 138). These spherical 
bodies, which are not membrane bound (Fig. 138), are found uniformly 
distributed in all regions of the tapetal cells. 
Microtubules occasionally have been observed, often in oblique 
sections near tapetal cell walls. In the late vacuolate microspore 
stage and later, rod-shaped structures with dense cores are seen and 
have been interpreted as crystalline protein (Fig. 139-143). The rod-
shaped structures (which are approximately 300 nm in diameter and up to 
6 pm in length) are actually composed of parallel fibrils each having a 
diameter around 12 nm and periodicity of 90 nm (Fig. 143). 
Degenerative events in the tapetum begin with wall dissolution during 
the tetrad and microspore stages, and, by the engorged pollen stage, only 
the persistent orbicular wall remains. Cytoplasmic degeneration begins 
with a general condensation during the late vacuolate microspore stage. 
This is followed, during the vacuolate pollen stage, with a general 
disorganization of the cytoplasm within the intact plasmalemma (Fig. 144); 
tapetal contents are not released into the locule. 
The numerous parallel arrays of ER are reduced to fewer scattered 
elements. At the same time, typical plastids become indistinguishable 
even though normal appearing nuclei, mitochondria, and dictyosomes 
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remain. Concomitantly, degenerative membrane complexes are observed. 
These complexes are thought to be derived from the plastids since they 
initially consist of a disorganized central region surrounded by a double 
membrane (Fig. 149). Concentric membranous layers are added at the 
periphery causing the complexes to increase greatly in size (Fig. 150, 
151). Subsequently the central disorganized region expands so that 
ultimately the degenerative membrane complexes appear uniformly granular-
fibrillar, having no membranous organization, not even a limiting 
membrane (Fig. 152). 
The tapetal protoplasts markedly condense, increasing in density, 
and drawing the orbicular wall in as they collapse. The orbicular wall 
becomes contorted in contour as it folds and conforms to the underlying 
cellular outlines (Fig. 166, 172). The protoplasts progressively lose 
all internal organization and have disappeared by the engorged pollen 
stage (Fig. 170). At no time are tapetal organelles released intact 
into the locule. 
Orbicular Wall Development 
Development of the tapetal orbicular wall (which is synonymous with 
the "tapetal membrane" of Banerjee, 1967) closely parallels pollen wall 
development. Table 3 and Fig. 168 summarize the formation of each wall 
and interrelate their development. Table 4 summarizes wall component 
dimensions. 
iapecal cells ac the sporogenoua maab stage aic uouiiùëJ Oûly by â 
primary wall. They are interconnected with each other and to sporogenous 
cells by numerous plasmodesmata (Fig. 85). During meiosis I, as callose 
80 
intervenes between the tapeturn and sporogenous cells, plasmodesmata are 
severed and the inner tangential portion of the tapetal primary wall 
becomes tenuous, appearing somewhat fibrillar (Fig. 153). The subtending 
plasmalemma appears conspicuously undulate and the primary wall becomes 
progressively fibrillar during the dyad and early tetrad stages. Dense 
granules are evident between the callose and disappearing primary walls 
(Fig. 52, 153). Similar granules also are formed between the callose 
walls of adjacent tetrads. 
During the late tetrad stage, pro-orbicules appear as grayish bodies 
outside of the inner tangential tapetal plasmalemma beneath the primary 
wall residue (Fig. 154). Dictyosomes and many vesicles about the same 
diameter (240 nm) as the pro-orbicules are present in the cytoplasm. 
The extensive ER system, with its granular lumen, is closely associated 
with the pro-orbicules in many places (Fig. 154). 
The locular primary walls are nearly gone with only wall fibrils 
visible at the early vacuolate microspore stage (Fig. 148). Sporopollenin-
like material begins to accumulate on the pro-orbicules (Fig. 137, 148, 155-
157), transforming them into orbicules, which remain in the original cup­
like depressions in the inner tangential plasmalemma (Fig. 156, 158). 
Usually, these depressions remain associated with portions of the ER 
(Fig. 157, 158). Sporopollenin continues to accumulate on the exposed 
surface of each orbicule, developing a pattern paralleling that forming 
in the microspore tectum, even including rudimentary channels 
(Fig. 158, arrow). 
The radial and outer tangential tapetal walls are also quite tenuous 
by the late vacuolate microspore stage (Fig. 139, 147). Well-defined 
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channels (40 nm diam) develop radially within the amassing orbicular 
sporopollenin (Fig. 159) and later become partly occluded (Fig. 160); 
small protuberances form upon the orbicular surface which protrudes 
farthest into the locule. Concomitantly, additional sporopollenin 
produces a reticulum between the orbicules (Fig. 160, 161) and, together, 
they form an "orbicular wall" which coats the inner tangential surface 
of the tapetum (Fig. 138, 162, 163). The pro-orbicules lose their 
staining properties and small vesicles are observed adjacent to and fused 
with the plasmalemma beneath them (Fig. 161). The tapetal cytoplasm, 
although still intact and containing evident ER, no longer displays a 
distinct tubular system. 
Sporopollenin increases slightly after microspore mitosis, and the 
orbicular channels become less distinct. Membrane-like structures 
(about 20 nm thick) are observed in the regions previously occupied by 
the pro-orbicules and also in the locule near the orbicular wall 
(Fig. 164, 165). The outer sporopollenin surface of the orbicules at 
this stage shows a trilaminar organization (Fig. 164, 165). A fibrillar 
layer, sometimes containing flattened and elongated regions with dense 
boundaries, forms beneath the orbicular wall during the early vacuolate 
pollen stage (Fig. 164, 165). The orbicular wall, which is now quite 
massive and easily discernible at the light microscope level (Fig. 27), 
remains intact through pollen maturation (Fig. 113). Even after 
anthesis, the orbicular wall persists and continues to outline the 
ghosts of tapetal cells (Fig. 166, 167). Each orbicule remains firmly 
interconnected to adjacent orbicules by the prominent sporopollenin 
reticulum. 
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The tapetal cytoplasm degenerates during pollen engorgement and 
the fibrillar layer subtending the orbicular wall settles against what 
was earlier the common tapetal-parietal cell wall (Fig. 169). This wall 
collapses against the outer parietal wall which is appressed to the 
irregularly thickened inner wall of the endothecium. Cells of the inner 
parietal layer have lost their cytoplasm by the engorged pollen stage 
(Fig. 169). All these wall layers are compressed into a composite wall 
which lines the locule at anthesis (Fig. 174). The identity and origin 
of the individual layers can sometimes be demonstrated by tracing the 
fibrillar components of the wall layers or by observing objects trapped 
between layers (Fig. 170). 
Microspores and pollen grains line the locule in a single layer 
(Fig. 171) and are nestled into depressions in the orbicular wall 
(Fig. 172). The exine is often physically contiguous with orbicules in 
these depressions. In addition, fibrillar material seemingly connects 
the orbicular wall and exine (Fig. 173, 174). Similar fibrillar 
material is sometimes observed in the cavea (Fig. 173, 174). 
Epidermis and Parietal Cell Layers 
The "anther wall" is composed of an inner parietal layer adjacent 
to the tapetum, an outer parietal layer called the endothecium, and an 
epidermis on the outer anther surface (Fig. 135, 176). Plasmodesmata 
traverse the radial and tangential walls of all these cell types, inter-
the common tapetal-parietal wall initially, but these become indistinct 
since the outer tangential tapetal wall undergoes early dissolution. 
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There is a tendency in some preparations for the inner parietal wall to 
separate from the base of the tapetal cells. The inner wall of the 
inner parietal layer remains intact even if separated from the tapetum. 
The inner and outer tangential walls of the endothecium are slightly 
thickened by prophase I stage. The wall is irregularly thickened by the 
vacuolate pollen stage (Fig. 176), and locally massive by the engorged 
pollen stage, especially where the endothecial radial walls junction 
with it (Fig. 175). These thickenings, which are PAS positive, are most 
prevalent near the anther apex in those cells near the point of anther 
dehiscence. Prior to dehiscence, the two locules of each anther half 
become one when the wall separating them breaks down. 
By metaphase I, a slightly thickened cuticle has developed on the 
epidermis (Fig. 177). The outer cuticle surface is smooth, even though, 
in some cases, irregular primary wall thickenings cause the subtending 
plasmalemma to become undulate (Fig. 177). The cuticle progressively 
thickens to around 250 nm thick and by the vacuolate pollen stage it 
wrinkles forming ridges on the anther exterior (Fig. 178, 179). 
In addition to a large vacuole in the cytoplasm of each cell type, 
a normal complement of other organelles is present. During prophase I, 
chromatin is noted clumped at the periphery of the endothecial and 
parietal nuclei. This condition, similar to that observed in the tapetal 
nuclei after mitosis, has been observed up to the late vacuolate microspore 
stage in the endothecium, but has not been followed in the inner parietal 
layer since the cytoplasm is often very dense. Although the parietal 
cell cytoplasm is dense, it is retained until the vacuolate pollen 
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stage when it degenerates at the same time as (or slightly later than) 
the tapetal cytoplasm. 
Small amounts of starch are observed in the parietal layer 
plastids at prophase I. but at no other stage. Some epidermal plastids 
are filled with starch at prophase I, but it is missing from all later 
stages except vacuolate microspore stage. When the epidermal plastids 
of an anther are full of starch, the endothecial plastids are also. 
When epidermal plastids lack starch at prophase I, the endothecial 
plastids are also devoid of them. The dense matrix of those 
endothecial plastids lacking starch contains long internal tubules, 
which, in some cases, are filled with a very dense material during the 
early tetrad stage. At the vacuolate and engorged pollen stages, the 
endothecial plastids exhibit typical grana and stroma thylakoidal 
arrangements in a lighter matrix (Fig. 175, 176). Osmiophilic bodies 
(lipid droplets) are also present. These plastids, which are so 
characteristic of these stages of endothecial development, are found 
only rarely in the epidermis and never in any other anther tissue. 
Numerous dark-staining spherical bodies are scattered throughout the 
large vacuoles of the epidermal cells during both pollen stages (Fig. 175, 
176). A granular-fibrillar network is interspersed among the spherical 
bodies and seemingly is continuous with their tenuous margins (Fig. 179). 
The fibrils and spherical bodies may merely be different aggregation 
states of the same substance. 
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DISCUSSION 
My observations are in basic accord with the general scheme of 
microsporogenesis in grasses that is emerging in the literature. Support 
is found in sorghum for the recent contention of Romanov (1966, 1970) 
that the arrangement of sporogenous cells within the locule and the 
orientation of pollen pores against the tapetum are new family 
characteristics for grasses. However my report is the first to note 
both relationships in the same species and to show that the pollen pore 
lies adjacent to the tapetum at maturity because it is initiated there 
and is retained there through all subsequent development. Previous 
observations of polarized events in the vacuolate microspore and pollen 
cytoplasm of com (Oryol, 1969) and wheat (Batygina, 1962), coupled with 
my observations in sorghum would seem to nominate this feature as 
another character common to microsporogenesis in grasses. 
However my observations contradict several previous reports on 
specific points. No evidence was found to support the report of 
Artschwager and McGuire (1949) that simultaneous furrowing occurs during 
tetrad formation. îfy observations indicate that a successive deposition 
of partition walls occurs forming isobilateral tetrads. The callose 
walls formed at the end of meiosis I and meiosis II are perpendicular 
to each other and perpendicular to the subtending tapetal surface. There 
is a tendency for the first formed wall to be in a plane through the 
lûu# ciaIë» ûf Luc lûculc, uuL Lax£» uilcuLaLlvu la ÛOL <âuSô1uLc« TIilS 
tendency is opposite the orientation noted by Reeves (1928) in corn. 
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The simple external morphology and single pore of sorghum pollen 
reflects the same general pattern in the grasses. When my results on 
wall development are compared with studies of other grasses, only 
Skvarla and Larson (1966) provide a sufficiently detailed developmental 
investigation of com for close comparison. The later stages of pollen 
wall development are much alike in Zea and sorghum, but there are 
several differences among the earlier stages. For example, Skvarla and 
Larson report breaks in the plasmalemma and extrusion of vesicles and ER 
beyond the plasmalemma during the period of callose deposition. I did 
not see this during callose deposition in sorghum. They interpret the 
callose in Zea as heterogeneous, composed of an electron-translucent 
inner zone and darker banded layers outside it. Callose in sorghum 
appeared more uniform. 
Skvarla and Larson also reported that after callose deposition 
the plasmalemma withdrew again except where the future pore would 
initiate, and that an electron-translucent layer was formed in the space 
that was left. This layer (which surely must be equivalent to the 
sorghum primexine) subsequently thickened and bacula developed within 
it at the sites where ER-containing cytoplasmic evaginations had 
previously occurred. 
Observations in sorghum, as depicted in Fig. 87-92, indicate a 
morphologically simpler sequence. No plasmalemma retraction occurs; 
instead, small islands of primexine first appear between the callose 
wall and microspore plasmalemma. These islands thicken and expand 
laterally, finally encompassing each microspore of the tetrad in a thin 
primexine. The faint loci that appear in the primexine at this early 
87 
stage simply become denser and delimit the bacula as the callose 
disappears. Neither protoplasmic evaginations nor radially arranged 
ER appear. Since com and sorghum are closely related and have a 
similar mature microspore wall, it is puzzling that they should differ 
so markedly in their early patterns of wall development. 
Skvarla and Larson reported the appearance of exine channels in 
Zea as discontinuities in the tectum and nexine at a stage comparable 
to that of sorghum as seen in Fig. 95. I have been unable to determine 
the mechanism of channel initiation in sorghum. The mature channel 
pattern is similar in Zea and sorghum, and channels are absent from the 
bacula in both species. This is in contrast to the report of Rowley, 
et al. (1959) which claims that channels pass through the columellae 
(bacula) in sorghum. Close examination of my micrographs (e.g.. Fig. 100) 
has never revealed channels in the bacula. 
The concurrent development of Ubisch bodies (orbicules) and ektexine 
in Zea was mentioned by Skvarla and Larson (1966), but unfortunately, 
no figures of the tapeturn were included. They noted that both similarly 
possess channels and that the orbicules lack the layered organization 
of the ektexine (verified by H. T. Horner, Jr., personal communication, 
1972), but they did not mention any reticulum connecting the orbicules. 
Otherwise, their brief and unillustrated account does not conflict with 
my description of orbicular wall formation in sorghum. Quite likely, 
the orbicular wall is morphologically similar in both species. In 
sorghum, however, no support is found for their speculation that the 
Zea orbicules represent sporopollenin deposition upon membranes 
aggregated at the tapetal surface. 
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The mature pollen grain surface of Zea shows a more uniform 
distribution of spinules (protuberances) (Ridgeway and Skvarla, 1969; 
their Fig. 1, 3) than sorghum where clusters of protuberances are 
separated by shallow furrows (Fig. 102, 103, 106). Banerjee and 
Barghoom (1970) claim that some of the spinules in com are secondary 
spinules which arise from physical continuities with orbicular spinules. 
In sorghum, where it has been shown that only one end (the pore end) 
of the pollen grain ever touches the orbicular wall, the protuberance 
distribution Is the same here as over the entire pollen surface. If 
orbicular protuberances contribute new protuberances to the exine 
surface, then a greater number of exine spinules would be expected around 
the pore than elsewhere. This has not been observed. Hence, I cannot 
accept their secondary spinule concept in sorghum. 
Corn pollen grains have recently been shown in SEM pictures lining 
the locule in a single layer with their pores oriented toward the tapeturn 
(Troughton and Donaldson, 1972). Banerjee and Barghoom (1970) also 
observed this configuration, but felt that the microspores orient 
themselves in this position at the time when their sporopollenin wall 
is forming most rapidly. If the tapetal-sporogenous cell association 
Is as distinct at all stages in com as it has been shown in sorghum, 
which I believe it to be, then their concept of secondary spinules could 
be checked in corn also by comparing the number of exine spinules around 
the pore with elsewhere on the pollen surface. 
In sorghum, further evidence casts doubt on the existence of 
secondary spinules. In an attempt to explain how the developing exine 
expands to accommodate the approximately thlrteen-fold increase in 
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volume in microspore-pollen size, some calculations were made. As the 
diameter expands from 20 um to 46 pm (Table 1), the surface area increases 
by a factor of about 5.25. The minimum distance separating pro-bacula 
at the early vacuolate microspore stage is about 120 nm while pro­
tuberances at pollen maturity are about 480 nm apart. If it is assumed 
that the protuberances arise from the pro-bacula, this is about a four­
fold increase in distance separating them. Hence, much of the exine 
expansion, but not all, can be correlated with an increase in this 
distance. The remaining expansion could occur between the bacular 
mounds in the channeled regions where protuberances are lacking. These 
regions, which become the surface furrows, make up about 40 % of the 
pollen surface at maturity (Fig. 102, 106). While this topic has not 
been extensively explored, as could be done with an SEN investigation 
at all wall stages, there seems to be a good correlation between the 
number of pro-bacula noted at early stages and protuberances noted on 
mature pollen. I feel that they are the same structures and that no 
secondary spinules or protuberances are ever produced in sorghum. 
A small part of pollen grain expansion is undoubtedly accommodated 
by stretching of the pore region. A continuous increase in the inside 
diameter of the annulus is observed through the vacuolate pollen stage. 
During pollen engorgement, however, when a marked expansion of the pollen 
grain occurs (Table 1), the inside diameter of the annulus increases 
markedly and the annulus becomes thinner (Table 4). Since the exine is 
well developed over the pollen surface by this time (Fig. 104, 105), the 
pore may be the most easily stretched wall region. However, since the 
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single pore makes up only a small part of the wall, its expansion cannot 
contribute substantially to the increase in surface area. 
Most of the Information on pollen and tapetum development in Poa 
is by Rowley (1962a, 1963, 1964). The description of microspore wall 
formation (Rowley, 1962b) is far less detailed than that of Skvarla and 
Larson (1966) for Zea and offers fewer points for comparison. The stages 
that are described, mostly the later ones, are similar to those of 
sorghum, and at maturity the Poa pollen wall is almost identical except 
that no channels are shown. Channels were common at slightly earlier 
stages, however. 
The individual Ubisch bodies of Poa tapetal cells are very similar 
to those of sorghum, but Rowley (1962a, 1963, 1964) did not show a 
conspicuous sporopollenin reticulum connecting them. He does indicate 
that, at the pollen stage, the Ubisch bodies are linked by small 
granules (Rowley, 1962a, Fig. 14). 
The work on Triticum pollen and tapetal walls (DeVries and le, 1970), 
like that on Poa, is largely restricted to later stages. The mature 
wheat exine is identical to that of sorghum, except that the nexine and 
tectum of Triticum are nearly equal in thickness. An orbicular wall 
similar to sorghum also develops, with orbicules interconnected by a 
sporopollenin reticulum. 
The orbicular wall of sorghum, both in section and SEM, appears 
quite similar to "tapetal membranes" of Banerjee (1967). Although he 
found variation, it seems that persistent interconnected orbicules as 
shown by Fig. 166 and 167 are a general feature of grasses. In 
contrast, a review of EM investigations in other angiosperm families 
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reveals that their orbicules do not appear interconnected by sporo-
pollenin material. 
A comparison of my work with that previously published has shown 
that there are characteristic similarities in both pollen and tapetal 
walls among the four grass species. I can now compare my work to a 
general scheme of pollen and tapetum development (Heslop-Harrison, 
1968a) based upon many published investigations of angiosperms. In most 
respects, pollen and tapetal orbicular wall development in sorghum 
conform to that scheme, but there are two significant deviations: 
probacula are absent during exine initiation, and the latter is delayed. 
The first difference separating sorghum from the general 
developmental scheme is that there are no probacula, the "array of 
radially directed rods traversing [the primexine] from the earliest 
period of growth" (Heslop-Harrison, 1968a). Dickinson (1970b) clearly 
shows probacula development for Lillum. The first signs of bacula 
formation in sorghum, however, are simply dense loci in the primexine 
(Fig. 89, 90); no radially disposed lamellar rods or plasmalemma 
evaglnatlons within the primexine were ever observed. Likewise, no 
probacula were seen during exine initiation in Helleborus (Echlin and 
Godwin, 1968b) or Llnum (Vazart, 1970). 
The second difference relates to the timing of exine development 
and the role assumed by callose in this process. It has become generally 
accepted that at least the early stages of exine development occur while 
the ûlcLûopuiruu are scill distinctly embedded in callose. This is based 
on several unambiguous descriptions (Godwin, 1968; Echlin and Godwin, 
1968b, 1969; Horner and Lersten, 1971). Indeed, the most extreme case. 
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where a virtually mature exine develops before callose dissolution, has 
been shown in Tradescantia bracteata (Mepham and Lane, 1968, 1970). From 
these and similar observations, callose has been variously implicated 
in the determination of exine pattern. It has been viewed as an 
isolating barrier within which the exine develops under the exclusive 
control of the microspore. It also has been depicted as a mold or 
template that imposes a pattern on the developing exine. This has been 
most recently advocated by Waterkeyn and Bienfait (1970). 
I have shown conclusively that in sorghum the entire microspore wall, 
except for the primexine containing dense loci, forms after callose 
dissolution and microspore release. This not only represents a marked 
departure from the accepted time of exine development but also is 
Instructive in determining the role of callose in sorghum. Since no 
distinguishable exine components are formed before callose dissolution, 
it is questionable that a "callose template" could directly control the 
exine pattern in sorghum. It is recognized, however, that the callose 
could indirectly affect exine structure via a primexine-mediated 
influence. 
Since the exine pattern in sorghum cannot be directly related to 
callose, an alternative role is suggested by comparing exine and 
orbicular wall development. The tapetum, which is at no time bounded 
by callose, nevertheless forms an orbicular wall in sorghum strikingly 
similar to the exine pattern. In other species, the individual 
orbicules on the tapetal surface also bear a structural resemblance 
to exine components. In species where the exine becomes extensive 
before callose dissolution, the orbicules likewise become well developed 
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(e.g., Echlin and Godwin, 1968a). In sorghum the two wall types are 
equally undeveloped when callose disappears; after dissolution both 
continue to develop synchronously. Hence, in sorghum and other taxa 
having orbicules, the exine and orbicules are basically similar and 
develop synchronously even though the tapetum is never bounded by 
callose and regardless of the timing of callose dissolution. These two 
observations would seem to reduce the probability that the callose plays 
a direct role in exine patterning. It is interesting that during the 
late tetrad stage the pro-orbicules appear beneath the all-but-degraded 
tapetal primary wall concurrently with primexine formation beneath 
the callose. Both have the capacity to later function as a base (and 
possibly a template) for sporopollenin deposition. This parallelism 
suggests that the primexine and pro-orbicules are structural homologs. 
The spatial configuration that each assumes during its formation may be 
related to whether or not it develops in association with callose; the 
primexine develops beneath the limiting callose wall into a continuous 
layer while the pro-orbicules, lacking such a limiting wall, form as 
separate spheres. This latter difference is deemed significant in 
creating the variation observed later in the morphologically similar 
pollen rmd orbicular walls. Therefore, in support of my earlier conten­
tion, callose would have only an indirect effect on exine formation in 
sorghum. 
Other structural and temporal correlations between developmental 
stages of the pollen wall and the tapetal orbicular wall in sorghum 
merit additional comment. After the callose disappears, sporopollenin 
develops as bacula within the primexine while sporopollenin granules 
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aggregate on the exposed pro-orbicular surfaces. An increase in sporo-
pollenin continues, with protuberances and rudimentary channels appearing 
concurrently in the orbicules and tectum. The channels subsequently 
become partly occluded in both. While the tectum continues to thicken, 
the interconnecting reticulum between the orbicules builds up, becoming 
quite massive. This reticulum could be likened to the accumulation of 
sporopollenin between the bacular mounds. Concomitant with intine 
initiation beneath the exine, a fibrillar layer that in some respects 
resembles the intine, develops beneath the orbicular wall. However, 
the fibrillar layer diminishes in thickness by pollen maturity while 
the intine remains thick. 
Therefore, in elaborating their own characteristic walls, the 
developing pollen and tapetal cells exhibit numerous striking correla­
tions in timing as well as In structural similarities. The genetic 
capacity of each cell type may enable it to synthesize as well as to 
organize its own wall components independently. Information for pattern­
ing could reside in the primexine and pro-orbicules as morphologically 
indistinguishable templates capable of directing exine and orbicule 
organization. In Helleborus, Echlin (1969) feels that each cell type 
can synthesize sporopollenin precursors (since they are both ultimately 
derived from the same archesporial tissue) but that a controlled 
deposition and polymerization occurs only in the formation of the pollen 
wall pattern. He regards Ubisch-body development as a possible 
morphological consequence of biochemical events in senescing tapetal 
cells and not under the same influences which control pollen wall 
formation. It would seem that the orbicular wall in sorghum is not merely 
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the ill-directed product of senescing cells, since the tapetal cytoplasm 
shows no visible degeneration until after the mature orbicular wall, 
complete with reticulum, is formed. 
Dickinson (1970a) considers dictyosomal vesicles of tapetal origin 
to be the source of sporopollenin for the peritapetal membraae formed 
outside the outer tangential tapetal wall in Pinus bankslana. This 
membrane, which consists of a lipid-like layer to which sporopollenin 
is later added, is likened in its development to orbicules. 
Regardless of where the sporopollenin precursors originate, both 
the tapetum and microspores may possess similar sites of affinity within 
the primexine and pro-orbicules for common mobile sporopollenin 
precursors. The precursors in sorghum could then possess their own 
inherent molecular configurations and polymerize identically at both 
sites to achieve the final comparable patterns observed in the pollen 
and orbicular walls. 
Mepham (1970) has hypothesized a membrane-bound enzyme capable of 
initiating sporopollenin deposition. Since no membranes, tapes, or 
membrane-like structures were observed during early wall development in 
sorghum, except those associated with the annular lamellae of the pore, 
his model lacks universal application. The annular lamellae in sorghum 
are continuous with the nexine and I consider them to be its modified 
counterpart in the pore region. However, the nexine in other wall 
regions develops without these structures. Hence, the assumption that 
all sporopollenin deposition occurs associated with these membrane­
like structures seems premature. The absence of these structures in 
sorghum cannot be attributed to their loss during fixation and 
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processing since they have been observed in the annular lamellae 
(Fig. 121) and lining the pro-orbicule region in very late orbicules 
(Fig. 165). 
It is questionable that the membrane-like structures are, in fact, 
unit membranes. The trilaminate structure and 12 nm thickness of the 
annular lamellar cores resemble the plasmalemma, but no connections have 
been observed. The cores also exhibit two distinctly non-unit membrane 
features. They seemingly dichotomize (Fig. 121, arrows) and they 
terminate abruptly (Fig. 123, arrows). The membrane-like lining, 
occasionally observed in the pro-orbicular space during late stages, 
is much thicker, around 20 nm (Fig. 104, 105, arrows) and probably is 
not related to sporopollenin deposition since the orbicules are 
mature when these are first noted. On the outer sporopollenin surfaces 
of nearly mature orbicules (Fig. 164, 165) and exine (Fig. 104, 105, 
arrows), similar dark-light-dark stained regions are observed. Similar 
configurations are noted in the occluding channels. It is felt that this 
trilaminar surface layering is.merely another manifestation of the 
membrane-like lamellar cores. It seems clear that the trilaminar 
configurations are involved with sporopollenin deposition in the 
lamellae, anyway, but to refer to them as membranes is deemed 
inappropriate. These configurations are felt to merely represent 
interfaces of lipids with some other material. The other material 
could possibly be a protein, maybe even an enzyme or enzymes involved 
in polymerizing sporopolleniri. However, I favor the interpretation 
that these interfaces represent the physical expression of varying 
degrees of carotenoid and carotenoid ester polymerization; the 
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higher the degree of polymerization, the darker the stain. This could 
explain why they are obscured at maturity in the annular lamellae. 
Regardless of one's interpretation of the mechanism by which the 
pollen wall and orbicular wall arise, it is enigmatic that the tapetum 
should develop any sporopollenin wall at all. It is also puzzling that 
it should form only on the inner tangential surface unless the locule 
influences wall formation in some way. The infrequent observation of 
membrane-like cores on the outer tangential tapetal surface (Fig. 146) 
could be interpreted as an abortive attempt to form a peritapetal 
membrane. As the tapetal cytoplasm breaks down, irregular patches of 
sporopollenin-like material are observed on the radial and outer 
tangential tapetal surfaces. In cytoplasmic male sterile sorghum a 
well-developed peritapetal membrane has been occasionally observed by 
the mid vacuolate microspore stage (Laser, 1972). 
Certainly the functional significance of such an ornate and 
persistent orbicular wall is not clear. Its formation could be regarded 
as a vestigial capacity of the tapetum, in that, phylogenetically this 
layer once was active sporogenous tissue. This contention is also 
supported by Bhandari (1971) who cites several studies of other taxa 
which indicate that the sporogenous tissue and tapetum have a common 
origin. The tapetum exhibits at least one other characteristic process 
paralleling that of the sporocytes, namely, tapetal karyokinesis at the 
time of meiosis. This latter process, along with the sporopollenin 
orbicular wall formation, lends further support to previous workers 
who contend that the tapetum and microspores are homologous even though 
they presently are functionally divergent tissues. 
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Although the tapetal orbicular wall and pollen wall exhibit 
strikingly parallel development and structure, cytoplasmic components 
of these two tissues follow distinctly dissimilar courses of develop­
ment. While the tapetum progressively acquires the characteristics of 
a highly active secretory tissue, the sporogenous cells appear relatively 
inactive. Until the vacuolate pollen stage, there is little ER in the 
sporogenous tissue, few polysomes, limited dictyosomal activity and only 
a few vesicles, which perhaps are cryptically involved with primexine or 
exine development. Mitochondria, although relatively numerous, are 
small and have a highly irregular dense appearance. The most characteris­
tic components of the sporogenous cytoplasm during the early stages are 
a few large bacteria-like plastids but even these are indistinguishable 
in the late vacuolate microspore stage. After this latter period, however, 
several remarkable metamorphoses are apparent. The mitochondria have 
become larger elongate-oval structures with numerous finger-like 
cristae in a medium-dense matrix (Fig. 61). When the plastids reappear, 
they are multilobed structures which can accumulate starch in each lobe, 
similar to those in Parklnsonla (Larson, 1965). The observation of 
this type of plastid reconciles the appearance of so many starch grains 
in the pollen grain with the fact that so few plastids were observed 
at earlier stages. 
During the vacuolate and engorging pollen stages, a gross 
proliferation of ER, polysomes, dictyosomes and other organelles 
indicates an extremely active state. This drastic transition from the 
relatively inactive earlier stages occurs rapidly, and at exactly the 
same time that the tapetum undergoes complete degeneration. The 
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fundamental question of what causes the tapetum to break down at this 
time is presently unanswered, like many questions concerning the control 
of tissue differentiation, senescence or abortion. However, the exact 
temporal correlation of tapetal degeneration and pollen engorgement 
provides strong circumstantial evidence that the tapetum is supplying 
a precursor pool upon which the engorging pollen grains draw. The 
tapetal cytoplasm degenerates situ beneath the orbicular wall and 
disappears, indicating its apparent complete solubilization. The 
fibrillar layer, which forms beneath the orbicular wall, might function 
as a temporary storage form for tapetal breakdown products or it may 
help retain elements of the tapetum beneath the rather open orbicular 
wall reticulum during tapetal degeneration. In either case the 
fibrillar layer decreases in thickness as the composite anther wall 
forms, and perhaps contributes to the fibrillar strands observed 
between the exine and orbicular wall. 
Several cytoplasmic events noted in the developing tapetum deserve 
mention since they may be related to wall formation. Two different 
types of vesicles, both of presumed dictyosomal origin, are observed 
at different times. The first generation of vesicles is most prevalent 
during the early tetrad stage and may be involved in pro-orbicule 
formation although the actual fusion of these vesicles with the plasma-
lemma has not been observed. The plasmalemma undulations just prior to 
pro-orbicule appearance, however, could result from such fusions. It 
is clear that the pro-orbicules do not arise from the large lipid bodies 
in the tapetum, as advocated by Echlin and Godwin (1968a) in Helleborus. 
The second generation of vesicles is seen during a limited period around 
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the mid vacuolate stage. These smaller vesicles, with internal 
staining contents, are thought to be involved in reticulum formation, 
since they fuse with the plasmalemma beneath the orbicular wall at that 
time (Fig. 161). 
During development of the tapetal cytoplasm, a marked increase in 
ribosomes and ER is observed. Yet their function and the nature of their 
products remains undefined. The close association of the ER with pro-
orbicular bases suggests that a transfer of material is occurring, even 
though no fusion of the ER membranes and plasmalemma has been observed. 
The ensheathing ER around the plastids and microbodies is deemed 
important since it is seen consistently at later stages. This intimate 
relationship is especially interesting since early plastids possess 
few lipid bodies (Fig. 135) and exhibit little ER ensheathment, while 
later plastids contain many lipid bodies (Fig. 136-138) and are almost 
invariably associated with ER. 
A possible function can be hypothesized for this three-fold ER 
association with plastids, microbodies and plasmalemma. The plastids 
could be elaborating a product of lipid nature, possibly carotenoid, 
which is transferred to the ER lumen and transported to the plasmalemma. 
In transit, the plastid products could be acted upon by the microbodies. 
If the plastid product is carotenoid in nature, it could serve as a 
sporopollenin precursor. The ER lumen usually contains a granular 
material and, in a few preparations, which were originally dismissed 
as artifact, dense globules were observed within the plastid lamellae 
and also in the adjacent ER lumen. These dense globules may illustrate 
the presence of a mobile material which is usually present, but which 
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becomes obvious only under certain fixation conditions. This idea of 
sporopollenin precursors coming from the plastids is especially appealing 
since the source of sporopollenin or its precursors has remained 
undetected in the other taxa previously studied, as well as sorghum. 
Vasil and Aldrich (1970) note rough ER wrapping cytoplasmic organelles 
which they call mitochondria and speculate that this association might 
be involved in the synthesis of sporopollenin precursors. In the single 
micrograph showing this association, the ER is seemingly wrapped around 
plastids, not mitochondria. Other systems have also shown ER associated 
with plastids but this association has not been noted in sporogenous 
cells of sorghum or other taxa. 
It is of further interest to note that plastids are the first 
organelles to disappear in the degenerating tapetal cytoplasm. While 
no intermediate transition stages were observed, it is felt that the 
plastids, and perhaps the intimately associated ER, are transformed into 
the degenerating membrane complexes observed during vacuolate pollen 
stage (Fig. 149-152). It is envisioned that the membrane complexes may 
incorporate membranes from other tapetal organelles at later stages. 
Mitochondria and nuclei persist long after the plastids are lost. 
Both tapetal nuclei have been observed very late in degeneration, in 
contrast to the report that they fuse together (Singh and Hadley, 1961). 
Likewise, cytoplasmic degeneration does not begin until the vacuolate 
pollen stage, instead of the earlier reported time (early meiosis; 
Alam and Sandal, 1967). 
The role of the parietal layer, endothecium and epidermis in mlcro-
sporogenesis, and specifically in the process of precursor supply, is 
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unknown. Although the cytoplasm of the parietal layer has been observed 
intact at, or even after, the time of tapetal degeneration, it cannot be 
assumed that an active exchange of materials occurs between these 
tissues. The early loosening of the outer tangential tapetal vail may 
impede exchange by severing the plasmodesmata observed at early stages. 
Likewise, it is also possible that the deposition of sporopollenin-like 
material on this same tapetal surface may minimize movement at later 
stages, if not before. It is difficult to interpret the sporopollenin-
like material laid down on the radial and outer tapetal surfaces. If a 
"locular influence" is necessary for sporopollenin deposition, perhaps 
the degeneration of the primary walls and cytoplasm provides a route 
for this influence to leach out. On the other hand, the peritapetal 
wall could be viewed simply as an extension of the vestigial capacity 
of the tapetum already noted in the orbicular wall. In either case, the 
existence of the peritapetal wall would seem to provide further evidence 
for tapetal production of sporopollenin precursors. 
The internal reorganization noted in the endothecial plastids at the 
vacuolate pollen stage may result from their increased exposure to light 
as the inflorescence emerges from the surrounding leaf sheath (boot). 
The organization of the lamellae into grana and the presence of lipid 
bodies (Fig. 176) causes these plastids to structurally resemble 
photosynthetic leaf plastids. Their function, however, in this short­
lived tissue, is unknown. They may play a role in synthesis of the many 
osmiophilic globules seen in the epidermal vacuoles at this and the 
engorged pollen stages. At the time when these globules are collecting, 
the external anther color is changing from white to yellow due to 
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carotenoid pigmentation. Hence, the globules may be carotenoid in nature 
and their origin from the endothecial plastids is a distinct possibility. 
It is apparent that a distinct polarization develops early within the 
locule and that this polarity dominates all subsequent major events of 
spore development. The first hint of locular polarization is the 
asymmetric mode of callose deposition. The initial massive central 
deposition presses the MMC's against the tapetum into an intimate 
association which is retained through pollen maturity. As callose 
progressively envelopes each MMC, the last region of its surface to be 
isolated from any outside influence is a region adjacent to the tapetum, 
presumably near the center of the sporocyte-tapetum interface. That 
a polarity is already established in the MMC cytoplasm is again 
demonstrated when the callose partitions form after meiosis I and 
meiosis II in intersecting planes, both perpendicular to the adjacent 
tapetal surface. Hence, each microspore of a tetrad remains adjacent 
to the tapetum even though still surrounded by callose. Since callose 
dissolution occurs first at the periphery of the tetrad, each micro­
spore protoplast reestablishes contact with the tapetum before contact 
with its sib microspores in the tetrad. 
The first manifestation of polarity in the released microspore 
is the inception of the pore on the microspore surface adjacent to the 
tapetum (Fig. 109), resulting from the earlier orientation of ER against 
the nlasmalemma. A sequence of polar events ensues, seemingly centered 
around an axis through the center of the pore and perpendicular to 
the tapetal surface. In sequence, vacuolation displaces the microspore 
nucleus from its near-central position to the end opposite the pore where 
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mitosis occurs. The generative cell is isolated against the exine in 
this area where the axis of polarity intersects the pollen wall. 
Subsequently, the vegetative nucleus migrates to near the pore, followed 
shortly by the generative cell. The most convincing example of cyto­
plasmic polarization is the polar mode of cytoplasmic engorgement and 
vacuole displacement in the engorging pollen. All these examples of 
polarity may result directly from the polarization established after 
the pore site is determined or they may merely be responses to the same 
organizing force, whatever its cytoplasmic basis might be. 
The whole sequence of polarized events could possibly originate 
from the initial arrangement of sporogenous cells in the locule, that is, 
each sporogenous cell touching the tapetum. No reason for this 
alignment is known. Likewise, since polarity could result from the 
asymmetric mode of callose deposition on the MMC's, a description of the 
mechanism yielding asymmetry would be desired. No such mechanism has 
been observed but two possible mechanisms might exist. Callose deposition 
may initially be restricted to the apex of the pie-shaped MMC's. Hence, 
the center of the locule fills first. Alternatively, a more 
generalized deposition of semi-fluid callose could occur over the 
non-tapetal associated MMC surface. The callose could then flow (as 
if under pressure) into the space made available in the center of the 
expanding locule. Which mechanism is operating, if either, is unknown, 
since it has been Impossible to correlate any anatomical structures 
with callose deposition at any point on the MMC plasmalemma. 
The close association of pores in late microspores with the 
tapetum in grasses has been reported several times. No previous report, 
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however, demonstrates both sporogenous cells and pores adjacent to the 
tapetum during all developmental stages, as has been done in sorghum. 
Fixation and processing has undoubtedly disrupted this association 
during early stages in these earlier studies. A retaining force, 
holding the microspore and pores against the tapetum, is undeniable 
(Fig. 171, 172), but the physical structures involved are obscure. 
In the later stages, the orbicules and pollen exine are tightly 
appressed to each other, seemingly fused in some cases (Fig. 134). 
Mechanically dislodged pollen grains have been observed free in the locule 
but often with a portion of orbicular wall still firmly attached. These 
observations are consistent with Romanov (1970) who feels that the pollen 
walls get "fixed" to the orbicules; thus microspores are held in a 
single layer at the locule periphery. This same affinity of orbicules 
for pollen walls may be manifested in other non-grasses, but since the 
orbicules are not permanently attached to each other by a reticulum 
to form an orbicular wall, the fused orbicules and pollen grains are 
found dispersed in the locule. 
If a glue-like attraction between sporopollenin of the pollen wall 
and orbicules is assumed during late stages, then an alternate mode of 
stabilization must be assumed operational before the sporopollenin walls 
are well developed. The loosening primary walls of the tapetum may 
engage the callose wall first, and later, the exposed primexine as the 
callose breaks down. The dense granules observed between the callose and 
primary wall may be related to this attraction or they may be sporopollenin 
granules. As the developing exine and orbicules acquire sporopollenin, 
they may assume a more important role in retention of the association. 
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At the late tetrad and early microspore stage, there is a period in 
sorghum when the microspores can be easily dislodged, just at the time 
of transition from the hypothetical callose-primary wall attraction to 
the exine-orbicule attraction. That the association of sporogenous cells 
and tapetum at all developmental stages has been reported by no one 
except Romanov (1970), is probably due to fixation procedures which have 
severed the tenuous attraction. 
Although fibrillar material has been observed between the orbicular 
wall and exine surface (Fig. 173), it is felt that this material does 
not physically represent the retaining force. These fibrils, which 
have only been observed during the vacuolate and engorging pollen 
stages, are also found in the cavea (Fig. 173). These fibrils, which 
may be materials in transit from tapetum to pollen, have been observed 
only in material fixed in OsO^ alone. Perhaps they are composed of 
material soluble in aqueous glutaraldehyde. 
Although starch grains are formed around the periphery of the 
vacuolate pollen cytoplasm, primary deposition occurs in the pore region 
(Fig. 27). This polar engorgement process can be explained in several 
ways. If it is assumed that all material entering the pollen grain must 
pass through the pore, then polar engorgement would result from 
solubilized tapetal products sifting through the sieve-like orbicular 
wall into the adjacent pore and causing a high concentration of these 
substances next to the pore. Engorgement would reflect this precursor 
concentration gradient. However, the pollen wall may also be permeable 
to precursors uptake in non-apertured wall regions. Fibrillar material 
is observed between the exine of the non-apertured wall region and the 
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orbicular wall and is also observed in the cavea. Hence, this material, 
interpreted as nutrient material in transit, must be able to pass through 
the partially occluded tectum channels and, presumably, through the 
nexine channels as well. The observation of thicker, denser regions in 
the fine granular layer, just at the mouths of nexine channels (Fig. 173, 
174, arrows), lends indirect support to this contention. The mounds in 
the granular layer may represent concentration of materials passing into 
the pollen grain so rapidly that they cannot be adequately dispersed. 
Once the nutrient materials have passed through the granular layer they 
could either pass into the cytoplasmic channels in the intine or through 
non-channeled regions of the intine. The former mode is felt to be more 
likely. 
The role of the thin granular layer between the intine and exine 
is unknown but two relationships should be noted. It resembles, and is 
continuous with, the Zwischenkorper (Fig. 132) and also the layer that 
separates the generative cell from the exine (Fig. 80). Also, the 
cytoplasmic channels, which traverse the intine, terminate at the base 
of this granular layer and do not contact the exine (Fig. 105, 173). 
Similarly, cytoplasmic channels do not cross the Zwischenkorper 
(Fig. 133, 134). Hence, anything passing into the pollen grain after 
the inception of this layer at the vacuolate pollen stage, must pass 
through it or its morphologically equivalent Zwischenkorper in the pore 
region, and be subjected to whatever controls or modifications this layer 
imposes, if any. The granular layer and Zwischenkorper could somehow 
control uptake or assist in the distribution of incoming nutrients, or 
both may contain enzymes and have other physiological activities. 
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The relative amount of material which enters the pollen through the 
pore versus the non-apertured wall region is assumed to be greater since 
it is beneath this former region that the major accumulation of reserves 
takes place. 
The reason why the intine is much thicker adjacent to the tapetum 
is unknown. It could be thickened as a direct result of some tapetal 
influence, such as the supply of precursors for the cellulosic wall, or 
in response to some internal pollen polarity. The thickened intine 
could result from its longer association with synthetically active pollen 
cytoplasm and hence merely be a byproduct of the same influences that 
cause polar engorgement. It has been observed that the intine under the 
Zwischenkorper develops later than intine of the non-apertured wall and 
never gets as thick or develops as many channels. However, the relation­
ship of this observation to the questions of pore function and differen­
tial intine thickness has not been established. Since the intine is often 
observed to be thickened around apertures or colpi in diverse pollen and 
spore types, the thickening in sorghum may be in response to these 
general influences, and not be related to the tapetal association noted 
in sorghum. 
The moat definitive contribution of this study has been the 
detailed and complete developmental study of the pollen wall and tapetal 
orbicular wall. No other study of wall development in one species 
includes all stages of development and correlates them with orbicule 
formation. It appears that sorghum is released from the callose wall too 
early and with too little exine pattern to fit the general scheme of 
wall formation. However, there seemingly have been far too few 
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developmental studies for an all-inclusive scheme to exist, especially 
a scheme that purports to apply to all taxa. 
The observation of a full complement of organelles in the generative 
cell and both sperms in sorghum adds it to the list of species 
possessing sperm organelles, and makes it theoretically possible for 
this species to exhibit biparental inheritance of cytoplasmic organelles 
(particularly plastids and mitochondria). 
The instances of polarity noted within the locule and especially 
within the sporogenous tissue are currently inexplicable, yet they 
provide a unique system for further study of the causal mechanisms under­
lying cytoplasmic polarization. The intimate association of the pollen 
grain with the degenerating tapetum seems to offer numerous opportunities 
for studying the interaction of physically adjacent but functionally 
distinct tissues. Furthermore, the sequence of cytoplasmic degeneration 
events in the tapetum could lend insight into the causal mechanisms for 
tissue senescence or abortion. It is felt that tapetal degeneration 
products provide precursors for the engorging pollen grains but it is 
not known if this is a genetically programmed function of the tapetum 
or merely the byproduct of a group of cells thwarted in their own 
attempt to become reproductive cells by some external influence. 
In conclusion, this study has explored various avenues leading to 
a fuller understanding of microsporogenesis in general. In doing so, 
the results and discussion herein have either suonorted or contradicted 
previous works related to sorghum and other taxa. Even though there is 
general agreement on the grosser aspects of microsporogenesis, enough 
new information has been uncovered in depth in this study, to 
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question the present trend of prematurely reducing several isolated 
studies to a few major unifying concepts. 
It is hoped that this study will also act as a catalyst for future 
in-depth investigations dealing with areas left unanswered. 
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SUMMARY 
A developmental study of microsporogenesis in Sorghum bicolor 
(Gramineae) has been conducted using light microscopy and electron 
microscopy. The anatomical events in the sporogenous tissue which 
lead to the formation of mature pollen have been correlated with 
simultaneous events in the tapetum, parietal layers, and epidermis. 
Pollen wall development is morphologically and temporally 
paralleled by the formation of a prominent orbicular wall on the 
inner tangential surface of the tapetum. In the late tetrad stage, 
a thin, nearly uniform primexine forms around each microspore (except 
at the pore site) beneath the intact callose; concurrently, small 
spherical bodies (pro-orbicules) appear between the undulate tapetal 
plasmalemma and the disappearing tapetal primary wall. Within the 
primexine, differentially staining loci appear, which only develop 
into young bacula as the callose disappears. Thus, microspore walls 
are devoid of a visible exine pattern when released from tetrads. 
Pattern development in the exine of sorghum occurs later than in 
other investigated species wherein the pattern is generally well 
developed prior to callose breakdown. Afterwards, sporopollenin 
accumulates simultaneously on the primexine and bacula, forming the 
exine, and on the pro-orbicules, forming orbicules. Channels 
develop in the tectum and nexine, and both layers thicken to 
complete the microspore exine. Similar channels also develop in 
the orbicules. A prominent sporopollenin reticulum interconnects 
the individual orbicules to produce an orbicular wall; this wall 
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persists even after the tapetal protoplasts degenerate at the vacuolate 
pollen stage and even after anthesis. The intact orbicular wall 
settles ^.gainst a composite wall formed by the fusion of the outer 
tangential endothecial wall with the inner and outer tangential walls 
of the parietal layer. While the pollen grains become engorged with 
reserves, a thick intine, containing conspicuous cytoplasmic channels, 
forms beneath the exine, but is separated from it by a granular 
layer that is continuous with the Zwischenkorper of the pore. A 
fibrous layer develops beneath the orbicular wall at the same time, 
but later, it diminishes in thickness. 
At all developmental stages the sporogenous tissue is contiguous 
with the tapetum. During the earlier stages, it is seemingly held 
in this association by the central callcse. At later stages, an 
attraction between the exine surface and the orbicular surfaces 
may maintain this relationship. The single pore of each microspore 
is initiated as a gap in the primexine at a position adjacent to 
the tapetum. Throughout microspore and pollen development, the 
pore always remains tightly appressed to the tapetum; the micro­
spores and pollen grains form depressions in the tapetal 
orbicular wall surface. The association of the pore with the 
tapetum is felt to be another common feature of microsporogenesis 
in the family Gramineae. Membrane-like cores are observed in the 
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characteristic exine pattern forms over the operculum and annulus. 
A distinct polarity develops early in the sporogenous cells 
and is exhibited in the vacuolate microspore and vacuolate pollen 
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stages by nuclear migrations, placement of the generative cell 
opposite the pore, and a polar engorgement process whereby the pore 
end of the pollen grain (adjacent to the tapetum) fills with starch 
grains first. The tapetal cytoplasm completely degenerates at 
precisely the time of pollen engorgement. This degeneration occurs 
in situ with the orbicular wall serving as an organelle retainer 
during cytoplasmic dissolution. Degradative products from the tapetum 
are felt to be available for pollen uptake. 
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Chart 1. Araldite-Epon embedding method 
Dissect anthers from floret 
Split anthers through connective or excise anther tip 
Fix in 4-5 % glutaraldehyde in 0.05-0.1 M phosphate or cacodylate buffer 
pH 7.0-7.4 at 4 C or 22 C for 12 hr 
Buffer rinse (3X, 20 min each) 
Post-fix in buffered 1 % OsO^ at 4 C or 22 C (1-2 hr) 
Buffer rinse (3X, 20 min each) 
Dehydration (15 min each) 
25 % ethanol 
50 % ethanol 
70 % ethanol 
95 % ethanol 
100 % ethanol (3X, 15 min each) 
Propylene oxide (P. 0., 3X, 15 min each) 
Infiltration with Araldite-Epon* on rotary turntable 
5 P. 0. : 1 Araldite Epon (30 min) 
3 " : 1 (1 hr) 
1 " : 1 (2 hr) 
1 " : 3 " (3-10 hr) 
Pure plastic (10 hr) 
Pour 
Polymerization 
8-24 hr at 37 C 
8-24 hr at 45 C 





Araldite 502 14.0 gm 
Epon 812 16.0 gm 
DDSA (Dodecenyl succinic anhydride) 30.0 gm 
DMP-30 accelerator 1.5 ml 
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Chart 2. Epon embedding method (modification of Luft, 1961) 
Same procedure as used for Araldite-Epon up to propylene oxide 
Infiltration with Epon* mixture on rotary turntable 
5 P. 0. : 1 Epon (30 min) 
3 " : 1 Epon (2 hr) 
1 " : 1 Epon (3 hr) 
1 " : 3 Epon (10 hr) 
Pure Epon (5 hr) 
Pour 
Polymerization 
6 hr at 37 C 
24 hr at 45 C 




Epon mixture—Mix 3 parts of Mixture A 
0.2 ml DMP-30 accelerator for each 
Mixture A: Epon 812 
DDSA (Dodecenyl 
succinic anhydride) 
Mixture B: Epon 812 
MNA (Methyl nadic 
anhydride) 
and 2 parts of Mixture B with 






Chart 3. Paraffin embedding method 
Anthers dissected from floret 
Whole anthers fixed in FAA (22 C for 12 hr or 4 C for 24 hr) 
Hydrate to water 
Rinse in water (3X, 20 min each) 
Dehydration—Tertiary butyl alcohol (TEA) series (15-20 min each) 
Step 1—25 ml TEA, 125 ml 95 % ethanol, 100 ml distilled water 
Step 2—35 ml TEA, 100 ml 95 % ethanol, 65 ml distilled water 
Step 3—50 ml TEA, 100 ml 95 % ethanol, 50 ml distilled water 
Step 4—100 ml TBA, 100 ml 95 % ethanol; 1 % Eosin added for 
surface stain 
Step 5—150 ml TEA, 50 ml 100 % ethanol 
Step 6—100 % TEA (3X, 15 min each) 
Infiltration with 56-57 C Paraplast 
Add Paraplast chips periodically over 24 hr (60 C) 
Remove lid from container 
Add Paraplast chips over next 24 hr 
Decant and add pure melted Paraplast (3X over next 24 hr) 
Pour (anthers arranged in groups in block) 
Trim blocks 




Chart 4. Total water insoluble carbohydrates—Periodic acid-Schiff 
reaction (PAS) 
FAA fixed anthers 
Paraplast embed, section at 8 um 
Mount slides with Haupt's adhesive 
Hydrate to water 
0.5 % periodic acid solution in distilled water, room temp (15-30 min) 
Rinse in running tap water (10 min) 
Stain in Schiff's reagent*, 4 C in dark (15 min) 
Rinse in tap water (10-20 sec) 
Dip in 2 % sodium bisulfite (1-2 min) 
Rinse in running tap water (10 min) 
Dehydrate to xylene 
Mount in Permount or Piccolyte 
Schiff's reagent 
Add 0.5 g basic fuchsin and 0.5 g sodium metabisulfite to 100 ml 
of 0.15 N HCl and shake occasionally over several hours. Add 300 
mg of decolorizing charcoal, shake, and filter. 
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Chart 5. Total proteins—Mercuric bromphenol blue with pepsin extraction 
FAA fixed anthers 
Paraplast embed, section at 8 um 
Mount 3 slides with Haupt's adhesive, alternate sections 
Remove Paraplast to absolute ethanol 
Coat slides with parlodian 
Hydrate to distilled water 
Extraction procedure (12-48 hr) 
Slide # 1—0.4 % pepsin in 0.02 N HCl, 37 C (removes protein) 
Slide # 2—0.02 N HCl, 37 C (extraction control) 
Slide # 3—Distilled water (control) 
Tap water rinse (3X, 5 min each) 
Dehydrate to 95 % ethanol 
Stain in mercuric bromphenol blue* (30 min, room temp) 
0.5 % acetic acid, 30 min, room temp 
0.1 N acetate buffer pH 7.0, 3-4 min, room temp 
Rapid rinse in distilled water 
Rapidly dehydrate to xylene 
Mount in Permount or Piccolyte 
Mercuric bromphenol blue (proteins and nucleoproteins stain blue) 
20 gm mercuric chloride 
200 mg bromphenul blue 
200 ml 95 % ethanol 
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Chart 6. Nucleic acids—Azure B with RNA'ase extraction 
FAA fixed anthers 
Paraplast embed, section at 8 ym 
Mount 4 slides with Haupt's adhesive, alternate sections 
Remove Paraplast to absolute ethanol 
Coat slides with parlodian 
Hydrate to distilled water 
Extraction procedure (2 hr) 
Slide # 1—Distilled water, room temp 
Slide # 2—Distilled water, 37 C 
Slide # 3—0.1 % RNA'ase, pH 6.8, 37 C (adjust pH with 1 N NaOH) 
Slide # 4—Distilled water, pH 6.8, 37 C 
Distilled water rinse (3X, 5 min each) 
Stain in 0.25 mg/ml Azure B in citrate buffer, pH 4.0, 2 hr, 50 C 
Rinse in running tap water (3X, 5 min each) 
Blot slides dry 
Pure tertiary butyl alcohol (TBA), 10-15 min 
1 TBA : 1 Xylene (5 min) 
Xylene (2X, 5 min each) 
Mount in Permount or Piccolyte 
RNA will stain purple to dark blue, DNA will stain blue green 
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Chart 7. Chromosome squash technique 
Aceto-carmine method 
Mince fresh anthers in a small drop of stain solution on slide 
Stain solution is 0.5 % carmine in 45 % acetic acid 
Add cover slip and warm 
Squash and observe 
Feulgen staining method 
Anthers fixed in 3 : 1 (absolute ethanol : glacial acetic acid) 
12 hr at 22 C or 24 hr at 4 C 
Transfer to 70 % ethanol for storage at -10 C or proceed directly 
to next step 
Hydrate to water 
Hydrolyze in 1 N HCl 
Wash in distilled water 
Stain in Schiff's reagent* for 45 min in dark 
Rinse in 45 % acetic acid (5 min) 
Squash in 45 % acetic acid or dehydrate through 70 %, 95 % and 100 % 
ethanol (10 min each) and store at -10 C 
See chart 4 
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Chart 8. Callose—Aniline blue-fluorescence technique 
Sectioned material 
Anthers fixed in 3 ; 1 (absolute ethanol ; acetic acid), 4 C 
Paraplast embed, section at 8 pm 
Mount slides using Haupt's adhesive 
Hydrate to water and rinse 10 min 
Stain slides 15 mtn in 0.005 % aniline blue in 0.15M K^HPO^ at 
pH 8.4 
Add cover slipes over a drop of stain solution 
Observe preparations using a fluorescence microscope equipped with a 
mercury lanç, lamp housing filters BG38 and UGl, and barrier 
filter 430 pm 
Callose fluoresces yellow-green to blue 
Squashed material 
Mince fresh anthers in a drop of stain solution on slide 
Stain solution is 0.005 % aniline blue in 0.15M K^HPO^ at pH 8.4 
with 5-10 % lactose added to adjust tonicity 
Add cover slip 




Fig. 1. Summary diagram of microsporogenesis in Sorghum. Anther in cross 
section showing each locule in a different stage of develop­
ment; drawn to approximately same scale. 
Locule 1. Late sporogenous mass stage. 
Locule 2. Tetrad stage. 
Locule 3. Late vacuolate microspore stage. 
Locule 4. Engorged pollen stage. 
Surrounding stages of pollen development are all drawn to same 
scale; approximately 3 X anther scale. 
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Fig. 2-15. Light microscopy summary of sorghum microsporogenesis. 
Fig. 2-5, 8-15. One ym plastic longisections of anther stained 
with Paragon stain. X 320. Fig. 6, 7. Feulgen squashes of 
anther. X 420. 
2. Sporogenous mass stage. Near-median longisection of anther. 
Sporoganous cells fill locule. 
3. Premeiosis. Early deposition of callose near center of sporo­
genous mass. 
4. Prophase I. Median section. More callose deposited around 
sporocytes which are appressed to tapetum. 
5. Metaphase I. Non-median section. Callose completely surrounds 
each sporocyte. A few binucleate tapetal cells are visible. 
6. Meiotic prophase upper left. 
7. Anaphase I. Squash preparation, showing n = 10; binucleate 
tapetal cell lower left. 
8. Median section. Dyads appressed to tapetum. Thicker callose in 
center of locule. 
9. Oblique section. Tetrads appressed to tapetum; lower tetrads 
appressed to tapetum above or below the plane of section. 
10. Non-median section. Early vacuolate microspores just released 
from tetrads. No apparent exine. 
11. Early vacuolate microspore stage. Non-median section. Thin 
exine forming. 
12. Mid-vacuolate microspore stage. Non-median section. Vacuoles 
coalescing. Exine is prominent. Orbicular wall apparent on inner 
tangential surface of tapetum. 
13. Late vacuolate microspore stage. Median section. Microspores, 
each with a single large vacuole, are appressed to tapetum. 
14. Vacuolate pollen stage. Near-median section. Binucleate pollen 
next to tapetum; partially collapsed pollen are typical at this 
ctcgc, probably due to fixation-
15. Engorged pollen stage. Near-median section. Mature exine and 
intine surround the starch-engorged cytoplasm. Tapetal proto­
plasts are gone but orbicular wall remains. 
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Fig. 16-24. Anther cross sections showing peripheral arrangement of 
sporogenous cells in locule. X 330. 
16. Sporogenous mass stage: 1 ym section showing two locules with 
sporogenous cells arranged as sectors of a circle; each cell 
contacts the tapetum. 
17. Sporocyte stage: 8 pm paraffin section stained with aniline blue 
only and photographed using phase-contrast optics. 
18. Same section as Fig. 17 shows central callose in locule 
fluorescing. 
19. Mbiocytes in prophase I: Callose tips protrude into the center 
of the locule which is now vacant due to anther expansion. 
20. Slightly earlier stage than Fig. 19. 
21. Same section as Fig. 20 showing fluorescing callose tips. 
Callose has not surrounded sporocytes yet. 
22. Dyad stage sectioned near tip of anther so locule diameter is 
small. Dyads appressed to tapetum. 
23. Dyad stage. 
24. Same section as Fig. 23 showing thin layer of callose surrounding 
each dyad and an intensely fluorescing partition plate oriented 
perpendicular to the tapetal surface. 

Fig. 25. Mid vacuolate microspores arranged in a single peripheral layer 
in the locule. X 330. 
Fig. 26. Engorged pollen grains. X 330. 
Fig. 27. Half-engorged pollen grain tightly appressed to orbicular wall 
(arrow). Small generative cell (G) lies near large vegetative 
nucleus (V) with its conspicuous nucleolus. Large vacuole lies 
at end of pollen grain away from tapeturn. X 1,700. 
Fig. 28. Half-engorged pollen grain sectioned in a plane that does not 
include vacuole. Spindle shaped generative cell undergoing 
mitosis; arrow indicates metaphase. X 1,700. 
Fig. 29. Mitosis of generative cell (arrow) in half-engorged pollen 
grain. X 1,700. 
Fig. 30. Engorged pollen grain showing two sperm (arrows). Flattened 
wall surfaces result from the common pressures exerted by 
expanding microspores and pollen grains on each other. 
X 1,700. 
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Fig. 31-50. Whole mounts of fresh pollen showing polarization within the 
cytoplasm. Fresh pollen was squeezed from locules into aniline 
blue and observed under phase-contrast optics or with UV light to 
detect callose. The single pore is oriented upward. X 625. 
Fig. 31. Late vacuolate microspore; single nucleus opposite pore. 
Fig. 32. Early vacuolate pollen; vegetative nucleus (left) adjacent to 
generative cell under its arched wall. 
Fig. 33. Fluorescence of generative cell wall in early vacuolate pollen. 
Fig. 34. Vegetative nucleus has migrated half way to pore. 
Fig. 35-38. Through-focus series of same pollen grain. 
35. Prominent pore. 
36. Vegetative nucleus, prominent nucleolus. 
37. Arched generative cell wall at bottom. 
38. Fluorescence of callose generative cell wall. 
Fig. 39. Vegetative nucleus near pore; generative cell still opposite 
pore. Highly vacuolate condition is apparent with only a 
thin wisp of cytoplasm adjacent to the pollen wall. 
Fig. 40-42. Through-focus series of same grain. 
40. Pore and vegetative nucleus. 
41. Generative cell. 
42. Generative cell wall weakly fluoresces. 
Fig. 43. Generative cell rounding up and protruding into vacuole. No 
callose fluoresces at this stage. Vegetative nucleus near pore. 
Fig. 44. Generative cell protruding into vacuole at end of pollen grain 
opposite pore. 
Fig. 45-46. Same pollen grain, two focal planes. Generative cell has 
migrated to a position near the pore and adjacent to vegetative 
nucleus. Pollen grain has just begun to engorge. 
Fig. 47. Partially engorged pollen grain. Stage nearly comparable to 
Fig. 27. 
Fig. 48-50. Engorging pollen. Starch accumulation obscures nuclei. 
Bright field optics. 
48. One-half engorged pollen. Vacuole retained at end opposite pore. 
AO. Tht-oa—-frtKT-i-Via on<Tni-oa/4 nnl 1 on Vanml o hflS dimimiahed. 
50. Fully engorged pollen. No vacuole. 
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Fig. 51. Microspore mother cell (M) in prophase stage, adjacent to 
tapetum (T); inner parietal layer (PA), and outer parietal 
layer (endothecium; EN). Callose (C) is forming between 
sporocyte and tapetum; a cytoplasmic channel (arrow) still 
connects adjacent meiocytes. Two nuclei (N) are apparent in 
one tapetal cell. Plastids (P) are a conspicuous cytoplasmic 
component in the meiocytes. X 7,420. 
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Fig. 52. Two microspores in the late tetrad stage positioned against 
the tapetum (T) but separated from it by a thin layer of 
callose (C). The callose partition wall separating the two 
microspores is perpendicular to the tapetal surface. A dark 
staining primexine (arrow) has formed around each microspore. 
Large plastids (P), smaller dense mitochondria (M), and a 
lipid body (L) are present in the microspore cytoplasm. 
X 8,300. 
Fig. 53. Four microspores of a tetrad sectioned in a plane parallel to 
the nearest tapetal surface. The microspore faces are 
flattened where they abut other microspores. Primexine 
(arrow) is developed beneath the intact callose (C). X 8,300. 
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Fig. 54. Three microspores of a late tetrad still retained in callose 
(C) which is breaking down. Microspores are losing the flat 
faces where they abut each other. X 4,950. 
Fig. 55-57. Early vacuolate microspores with numerous small vacuoles; 
cell margins are wavy in outline. Exine initiation occurring. 
X 4,950. 
55. Conspicuous nucleolus. Whispy callose (C) still observed in 
locule. Lipid body (L) in cytoplasm. 
56. Wall stage comparable to Fig. 93. 
57. Wall stage comparable to Fig. 95. 
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Fig. 58-60. Mid vacuolate microspore stages showing coalescence of 
numerous smaller vacuoles into fewer larger ones. 
58. Wall stage comparable to Fig. 96. X 4,950. 
59. Wall stage comparable to Fig. 97. X 4,950. 
60. Wall stage nearly comparable to Fig. 98. Nucleus displaced to 
microspore periphery opposite tapetum (T) by largest vacuole. 
X 4,740. 
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Fig. 61. Binucleate vacuolate pollen stage. Tangential section of end 
opposite pore in a plane that does not include vacuole. 
Generative cell (above), with its nucleus (GN), mitochondria 
(M) and dictyosomes (D), is separated from vegetative cell 
(below) by an irregular callose wall. X 10,270. 
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Fig. 62. Engorged pollen grain. Central vegetative nucleus (VN) is 
surrounded by extremely dense cytoplasm containing many starch 
grains (S) and lipid bodies (L). Wall is composed of thick 
exine (E) and intine (I). X 4,715. 
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Fig. 63-68. Plastids from early developmental stages of sporogenous cells. 
63. Sporogenous mass stage. Plastids (P) are circular to oval, often 
with a central constriction (arrow). X 17,950. 
64. Prophase I plastid showing densely granular peripheral region 
and lighter stained central region containing fibrils. 
X 26,375. 
65. Plastid at prophase I stage. X 50,750. 
66. Plastid at prophase I stage showing tubular infoldings of inner 
membrane (arrow). X 50,750. 
67. Plastid at metaphase I stage with two osmiophilic bodies and 
simple lamellar structure. X 29,175. 
68. Pleiomorphic plastid observed at mid vacuolate microspore stage. 
Possibly a plastid division phase. X 17,615. 
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Fig. 69. Two plastids (P) at early tetrad stage. Spherical vesicles 
with staining contents (V) are present; two dictyosomes (D) in 
oblique section have similar vesicles near them. Dense mito­
chondria (M) have irregular internal compartmentalization. 
X 57,000. 
Fig. 70. Plastid at early tetrad stage showing an osmiophlic body and 
internal lamellar organization. ER is seen as elongated tubules 
or sheets with occasional swollen lumens (arrows). X 42,200. 
Fig. 71. Vesicles at early tetrad stage; one possibly fusing with plasma-
lemma (arrow). X 57,000. 






Fig. 73-75. Engorging pollen grains. Starch grains forming in plastids. 
Plastid "tails" (arrows) are thought to interconnect lobes of 
multilobed plastids. See Fig. 80. 
73. X 39,200. 
74. X 30,100. 
75. X 17,200. 
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Fig. 76-78. Engorging pollen grain stages. Whirled membranes associated 
with tonoplast during diminution of vacuole. X 23,200. 
76. Two membrane whirls seemingly within large vacuole (V). 
77. Membrane whirl in cytoplasm adjacent to vacuole (V). 
78. Membrane whirls in cytoplasm region opposite pore in engorged 
pollen. Cytoplasm is extremely dense with ribosomes, ER, 
dictyosomes (D) and lipid bodies (L). 
167 
Fig. 79. Vacuolate pollen grain showing generative cell (above) and 
vegetative cell (below) separated by a callose wall (C) 
Mitochondria (M), plastids (P), dictyosomes (D) and nucleus 
(GN) are apparent in generative cell. X 43,500. 
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Fig. 80. Engorging pollen grain showing generative cell (above) separated 
from vegetative cell by callose wall (C). Thick intine (I) 
separates vegetative cytoplasm from exine; a thin granular 
layer is between generative cell and exine and between intine 
of vegetative cell and exine. What appears to be a multilobed 
plastid (arrow) is observed. Starch grains are present in some 
plastids. X 29,240. 
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Fig. 81. Sperm cell, with its nucleus (N), lies near vegetative nucleus 
(VN) in engorged pollen grain. X 10,000. 
Fig. 82. Two sperm cells with nuclei (N) in vegetative cell cytoplasm. 
X 9,300. 
Fig. 83. Enlarged region of Fig. 82 showing the sperm nucleus (N), 
plastids (P), mitochondria (M), dictyosomes (D), and a wall 
region (W). X 32,500. 





Fig. 85. Early prophase I. Portion of two tapetal cells and a sporocyte 
(S); interconnecting plasmodesmata (arrows) through primary 
walls. X 45,500. 
Fig. 86. Early tetrad stage. Callose (C) separates tetrad from tenuous 
tapetal wall. Sporopollenin-like granules are visible between 
tapetal wall and callose wall (arrow). Conspicuous plastids 





Fig. 87-94. Primexine formation and early exine initiation. X 90,000. 
87. Early tetrad stage. Plasmalemma next to callose wall; no 
primexine. 
88. Late tetrad stage. Distinct islands of primexine occur between 
plasmalemma and callose wall (arrow). 
89. Late tetrad st?ge. Continuous primexine present around micro­
spore. Incipient locus in primexine (arrow). 
90. Late tetrad stage. Callose wall disappearing; differentially 
stained loci in primexine (arrow). 
91. Early vacuolate microspore stage. Callose wall gone from 
periphery of tetrad. Loci more prominent (arrow). 
92. Early vacuolate microspore stage. Young bacula (loci) apparent 
in primexine; an irregular space separates thin basal layer of 
primexine (arrow) from plasmalemma. 
93. Early vacuolate microspore stage. Spear-like bacula protrude 
above stratified primexine; some bacula have fused above 
primexine (arrows). 
94. Early vacuolate microspore stage. Darkly-stained central 
layer of primexine is apparent. Perhaps this is just another 
manifestation of the layering seen in Fig. 93. 
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Fig. 95-98. Further stages in exine development. X 90,000. 
95. Mid vacuolate microspore stage. All layers of future mature 
exine are outlined. Nexine (N) and tectum (T) with bacular 
mounds (M) topped with protuberances (P) are apparent. Small 
cavities (arrows) are apparent below the bacular mounds. 
96. Mid vacuolate microspore stage. Irregular broad channels occur 
between bacular mounds (M) and also in nexine. Protuberances 
(P) are evident on each mound. 
97. Mid vacuolate microspore stage. Bacular mounds now are massive. 
Channels are narrower. 
98. Late vacuolate microspore stage. Nearly mature exine with well-
defined channels between mounds (M) and also in nexine; channels 
angle out from under mounds to terminate on surface in furrows 
(F) between mounds. Cavea (C) formed by disappearance of 
primexine; only a fine whisp remains. 
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Fig. 99. Mid vacuolate microspore stage comparable to Fig. 97. 
Tangential section of exine showing distribution of mounds (M) 
and channels in tectum. Area at lower right is just above 
cavea. X 19,060. 
Fig. 100. Late vacuolate microspore stage comparable to Fig. 98. 
Tangential section of exlne shows distribution of bacular 
shafts in cavea (C), and channels in the tectum (T) and 
nexine (N). Spore cytoplasm is visible (lower right). 
X 22,925. 
Fig. 101. Mature pollen stage. Very oblique section. Membrane-bound 
cytoplasmic channels traverse Intine (I) from microspore 
cytoplasm to nexine. X 49,600. 
Fig. 102. SEM of mature pollen wall. Surface furrows (darker bands) 
delimit bacular mounds (M). Each mound has several 
protuberances. X 8,680. 
Fig. 103. SEM of mature pollen wall; channels apparent (arrows) in 
furrows between several mounds with protuberances (?). 
X 27,000. 
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Fig. 104. Vacuolate pollen stage. Exine channels partially occluded; 
trilaminar exine surface apparent (arrow). Thin granular 
zone (Z) separates exine from early intine (I) which contains 
cytoplasmic channels. X 45,000. 
Fig. 105. Mature pollen wall with fully developed intine (I) bearing 
many cytoplasmic channels. Note persistent granular zone 
(arrow) beneath nexine; trilaminar exine surface is evident 
(arrow). X 45,000. 
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Fig. 106. SEM of mature pollen grain showing surface topography and a 
single pore with its raised collar-like annulus surrounding 
the operculum. X 4,960. 
Fig. 107. SEM of mature pollen grain. Operculum (0) rests on 
Zwischenkorper (Z). Note pattern on surface of operculum 
and annulus are identical to non-apertured wall (Fig. 106). 
X 20,320. 
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Fig. 108. Near-median longisection of anther. Sporocytes appressed to 
tapetum with dense callose in center of locule. Several sporo­
cytes in center abut tapetum above or below plane of section. 
X 560. 
Fig. 109. Four microspores of a tetrad showing early pore initiation 
(arrows) in primexine near tapetum (T). Tangential section; 
pores on other two microspores are in another plane of 
section. X 2,300. 
Fig. 110. Anther cross section. Very late vacuolate microspores arranged 
in single layer at locule periphery with pores (arrows) 
nestled into tapetal indentions. Thin whisps of peripheral 
cytoplasm in each microspore. X 668. 
Fig. 111. Mid vacuolate microspore with face view of pore. X 1,200. 
Fig. 112. Half-engorged pollen grain showing raised annulus and operculum 
in side view. X 1,200. 
Fig. 113. Near median anther longisection showing engorged pollen grains 
appressed to orbicular wall. Pores oriented toward anther 
wall (arrows); tapetal cytoplasm has degenerated. X 710. 
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Fig. 114. Non-median section of incipient pore at late tetrad stage. Gap 
in primexine beneath disappearing callose wall; operculum is 
not in plane of section. X 45,000. 
Fig. 115-119. Pore at early vacuolate microspore stage when bacula are 
first observed. Same stage as Fig. 92. X 45,000. 
115. Median section. Elements of ER are apparent in cross section 
beneath the plasmalemma in the gap separating the central 
operculum (0) and thicker annulus (A). A thin granular 
layer overlies this gap and the annulus is vaguely stratified. 
116. Near-median section. ER elements observed in cross section 
and profile beneath gap. Adjacent tapetum. 
117. Section at periphery of operculum showing ER in profile. Unit-
membrane-like structures (arrows) are observed within vaguely 
stratified annulus and connect to the thin layer subtending 
the bacula (on left). 
118. Non-median section grazing edge of operculum. ER in profile. 
119. Oblique section through pore showing concentric arrangement of 
ER under gap (arrows). 
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Fig. 120. Diagramatic representation of ER beneath pore at same stage as 
Fig. 115-119. In face view, ER forms concentric circles 
beneath plasmalemma in gap between operculum and annulus. 
Median section in plane A shows ER elements in cross section 
(Fig. 115). Non-median section in plane B exhibits ER in 
profile and cross section (Fig. 116). Section in plane C 
shows ER in profile (Fig. 117-119). 
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Fig. 121-122. Pore at early vacuolate microspore stage comparable to 
Fig. 93. X 45,000. 
121. Median section showing lamellae developing in the granular 
matrix of annulus. The lamellae dichotomize (arrows) and are 
continuous with the young nexine. 
122. Tangential section through annulus. Lamellae have trilaminar 
cores resembling unit membranes. 
Fig. 123-126. Pore at mid vacuolate microspore stage comparable to 
Fig. 95. Tectum forming between bacular mounds. Non-adjacent 
serial sections. X 34,800. 
123. Median section. Lamellae thickened with sporopollenin. New 
membrane-like cores terminate abruptly (arrows). 
124. The membrane-like core which lies below operculum (arrow) is 
continuous with annular lamellae on both sides. Lamellar 
cores dichotomize (arrow). 
125. Non-median section. 
126. Tangential section of annulus. New lamellar cores are observed 
in the granular zone beneath lamellae thickened with sporo­
pollenin; the cores dichotomize (arrows). Some bacula fuse 
with uppermost lamellae; others seemingly terminate in the 
granular zone above the lamellae, probably due to the plane 
of section. 
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Fig. 127-128. Pore at mid vacuolate stage comparable to Fig. 96. 
Irregular channels in tectum. 
127. Plasmalemma has withdrawn from periphery of membrane-like 
structure subtending operculum. Granular zone beneath 
annulus is thickened. Membrane-like cores seemingly terminate 
abruptly (arrows). X 42,200. 
128. Tangential section of annulus comparable to Fig. 127. 
Striations seen in interlamellar zones (arrow). X 34,800. 
Fig. 129-130. Mid vacuolate stage comparable to Fig. 97. Narrowing 
channels in tectum. 
129. Median section. X 34,800. 
130. Tangential section through annulus. Striations in interlamellar 
zones (arrow). X 48,500. 
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Fig. 131. Pore at late vacuolate microspore stage comparable to Fig. 98. 
Flasmalemma has withdrawn from base of operculum leaving 
finely granular zone. X 26,050. 
Fig. 132. Vacuolate pollen stage. Interlamellar spaces are reduced to 
thin lines. ZwischenkSrper (Z) is present beneath operculum 
and annulus and is continuous with a thin finely granular 
layer found adjacent to exine in non-apertured wall regions 
(right side). A thin channeled intine (I) is developing 
beneath Zwischenkorper and is continuous with the thicker 
intine of non-apertured wall. X 20,000. 
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Fig. 133. Mature pollen pore with operculum exserted through annulus 
supported by ZwischenkSrper. Interlamellar spaces are 
reduced to barely distinguishable light-dark-light stained 
layers (arrow); no membrane-like cores are apparent. Exine 
channels partly occluded. Cytoplasmic channels sparse in 
intine beneath pore. X 18,060. 
Fig. 134. Engorged pollen adjacent to anther wall showing fibrillar 
connections (F) between orbicular wall and pollen. Several 
orbicules are seemingly fused to the outer exine surface 
(arrows). X 15,000. Insert is an enlargement showing 
light-dark-light staining trilamination at the fusion 
interface of orbicules and exine (arrow). 
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Fig. 135. Prophase I stage. Sporogenous cell (S), tapetum (T), parietal 
layer (P), endodermls (EN), and epidermis (E). Plasmodesmata 
interconnect tapetal cells (arrows) and endothecial cells. 
X 10,450. 
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Fig. 136. Binucleate tapetal cell at tetrad stage. Numerous spherical 
vesicles free in cytoplasm (V); plasmalemma is more undulate 





Fig. 137. Early microspore stage. Binucleate tapetal cell, which has 
separated from inner parietal layer, is acquiring sporopollenin 
on its pro-orbicules. Inner tangential tapetal wall is very 
tenuous and trapped material (arrows), resembling pro-orbicules, 
is seen in the loosening radial wall. Chromatin is clumped at 
the periphery of each nucleus. Plastids (P) show tubular 





Fig. 138. Broad cytoplasmic channels (C) connect two tapetal cells at 
mid vacuolate microspore stage; the cytoplasm contains 
elongated mitochondria (M), a lipid body (L), many polysomes, 
and much ER which often wrapped around plastids (P) and micro-
bodies (arrows). A sporopollenin reticulum has connected the 
orbicule on locular surface forming orbicular wall. X 17,400. 
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Fig. 139. Tapetal cell at late vacuolate microspore stage showing tenuous 
radial wall; orbicular wall is well-developed. Dense cytoplasm 
with parallel arrays of ER and polysomes ; microbodies and 
plastids are wrapped in ER. Tapetal crystals (C) are apparent. 
See Fig. 140-143. X 20,800. 
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Fig. 140-143. Tapetal crystals in cytoplasm at late vacuolate microspore 
stage. 
140. Two crystals in oblique section each showing dense core. 
X 28,050. 
141. Two crystals in cross section each showing dense core. 
X 46,500. 
142. Crystal in longisection. X 52,500. 
143. Grazing section of crystal at high magnification showing a 
substructure of parallel fibrils having a regular periodicity. 
X 114,400. 
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Fig. 144. Portion of degenerating tapeturn at vacuolate pollen stage. 
Normal mitochondria, dictyosomes, and some ER present but no 
plastids observed. Degenerating membrane complexes (X) are 
present. Sporopollenin-like material has collected on tapetal 
radial and outer tangential surfaces (arrows) forming 




Fig. 145-148. Tapetal cell walls. X 42,200. 
145. Locular end of tapetal radial wall at late tetrad stage; 
primary wall (W) is fibrillar. Microtubules (arrows) along 
radial wall; lipid body (L) has no bounding membrane. 
146. Early vacuolate microspore stage. Membrane-like structures 
(arrows) on outer tangential tapetal surface after it has 
separated from parietal layer. They are outside the 
undulate plasmalemma. 
147. Mid vacuolate microspore stage. Remnants of primary radial 
wall between two tapetal cells at junction with parietal 
layer; outer tangential tapetal wall tenuous also but 
parietal cell primary wall (W) remains intact. 
148. Grazing section of locular surface of tapetum at early 
vacuolate microspore stage. Sporopollenin globules (arrows) 
are being added to pro-orbicules interspersed among fibrils 
of degenerating primary wall. 
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Fig. 149. Portion of degenerating tapetum showing sporopollenln-like 
material (arrows) on radial and outer tangential walls. 
Cytoplasm contains degenerating membrane complexes (X) in 
various configurations. X 9,880. 
Fig. 150. Degenerating membrane complexes (X) with concentric membrane 
layers at periphery and a reticulate center. X 23,200. 
Fig. 151. Same as 150. Two membranes bound these bodies. X 23,200. 
Fig. 152. Late stages of degenerating membrane complex (X); no 
internal membranes and only occasional traces of a bounding 
membrane. X 23,200. 
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Fig. 153-158. Early stages in orbicular wall development. X 45,000. 
153. Late tetrad stage. Undulate plasmalemma beneath tenuous 
fibrillar primary wall on inner tangential tapetal surface. 
Dense granules (arrow) at interface of intact callose and 
tapetal primary wall. 
154. Late tetrad stage. Pro-orbicules (P) are evident between 
tapetal primary wall and plasmalemma; they are often in 
association with ER. 
155. Early vacuolate microspore stage. Sporopollenin granules 
accumulate on pro-orbicules. Spherical vesicles near 
plasmalemma. Fibrillar remnants of primary wall evident. 
156. Same stage as Fig. 155. Pro-orbicular bases remain embedded 
in tapetal plasmalemma; sporopollenin (S) accumulates on 
exposed pro-orbicular surface. 
157. Same stage as Fig. 155. Sporopollenin (S) on pro-orbicules. 
ER associated with pro-orbicular bases. 
158. Sporopollen deposition continues on orbicules (0) during early 
vacuolate microspore stage. Incipient channel can be seen 
(arrow). 
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Fig. 159-161. Middle stages of orbicular wall development. X 45,000. 
159. Mid vacuolate microspore stage. Channels apparent in sporo-
pollenin that is amassing on orbicule. A whisp of primary 
wall persists above orbicules. 
160. Mid vacuolate microspore stage. Channels in orbicular sporo-
pollenin. Pro-orbicular material persists. 
161. Late vacuolate microspore stage. Sporopollenin reticulum (R) 
between orbicules has completed orbicular wall. Channels 
are slightly occluded. Pro-orbicular material is less 
distinct. Vesicles (V), with light staining contents, are 
seen below tapetal plasmalemma and fused to it. 
Fig. 162. Late vacuolate microspore stage. Cross and oblique sections 
of orbicular wall show reticulum pattern and pattern of 
channels in orbicules. X 11,200. 
Fig. 163. Oblique section showing orbicular wall at vacuolate pollen 
stage. X 22,400. 
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Fig. 164-165. Late stages of orbicular wall development. X 45,000. 
164. Vacuolate pollen stage. Pro-orbicule region does not stain. 
Membrane-like structures (arrow) are sometimes seen lining 
these regions. A fibrillar layer (F), containing lighter 
staining regions with dense boundaries, forms beneath 
orbicules. 
165. Orbicular wall at mature pollen stage. Fibrillar layer 
persists below orbicular wall and more membrane-like 
structures noted in pro-orbicule regions. Trilaminar 
outer surface on orbicules. 
Fig. 166-167. SEM of orbicular wall. 
166. Inner tangential surface of tapeturn after anther dehiscence. 
Contorted cell outlines are visible under the persistent 
orbicular wall. X 1,200. 
167. Orbicular wall at mature pollen stage. Individual orbicules 
(0), with protuberances (P), are interconnected by a 
prominent reticulum (R). X 12,000. 
223 
Fig. 168. Dlagramatic summary and 
pollen wall and tapetal 
same scale except where 
comparison of developmental stages of 
orbicular wall. All figures drawn to 
indicated. 
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Fig. 169. Portion of anther wall at engorging pollen stage. Proto­
plasts of tapetum (T) and parietal layers (P) have degenerated 
and a radial wall of parietal cell (arrow) is settling against 
thickened wall (W) of endothecium; debris is trapped as it 
settles. X 23,200. 
Fig. 170. Composite wall which lines locule at maturity. Tapetal and 
parietal protoplasts gone; inner and outer tangential walls 
of parietal layer (arrows) lie adjacent to the endothecial 
wall (W). At right, the fibrillar arrangement in wall 
bulge (reinforced by dots) traces the earlier presence of a 
parietal cell radial wall. Intact orbicular wall lines 
locule. X 37,700. 
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Fig. 171. SEM of portion of opened anther. One locule shows a single 
layer of peripheral vacuolate pollen grains. The epidermis, 
endothecium and degenerating tapeturn are also visible. 
X 138. 
Fig. 172. SEM of anther split longitudinally to expose locular surface 
(tapetal orbicular wall). Vacuolate pollen grains are nestled 
into depressions in this surface. No pores are visible; they 
are all oriented toward tapeturn. X 500. 
Fig. 173. Mature pollen grain lying adjacent to anther wall. Fibrillar 
strands (F) are seen between exine and orbicular wall (some, 
on left, appearing to have been broken) and in the cavea. 
A thin denser staining granular layer is observed at inter­
face of exine and intine, sometimes thicker at nexine channels 
(arrow). Intine channels terminate at this layer. Osmium 
tetroxide fixation only. X 32,500. 
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Fig. 174. Fibrillar strands (F) between orbicular wall and engorging 
pollen; also in cavea. Granular material is observed on 
surface of exine and orbicules. X 39,200. 
Fig. 175. Anther wall at pollen maturity showing massive endothecial 
wall thickenings (W). X 8,450. 
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Fig. 176. Anther wall at engorging pollen stage. Tapetal cytoplasm 
(T) is degenerating; sporopollenin-like material on outer 
tangential and radial tapetal walls. Parietal layer (P) 
still intact. Endothecium (EN) possesses plastids with 
typical grana and osmiophilic bodies. Epidermis (E) has many 
osmiophilic globules and fibrillar networks in large vacuoles; 
heavy ridged cuticle (on left). Plasmodesmata (arrows) 
connect epidermis to endothecium and endothecium to 
parietal layers, but none observed between parietal cells 
and tapeturn at this stage. X 6,850. 
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Fig. 177. Anther cuticle at meiosis. Irregular internal wall thickenings 
to appear undulate. X 25,800. 
Fig. 178. SEM of anther cuticle at pollen maturity. A distinct reticulum 
of ridges outlines epidermal cells. X 600. 
Fig. 179. Ridged anther cuticle at pollen maturity. Subtending primary 
wall consists of two distinct layers. The large vacuole 
in the epidermal cell contains dense osmiophilic globules 
and granular-fibrillar material. X 34,800. 
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